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ABSTRACT

This report covers in detail the solid state research work of the Solid
State Division at Lincoln Laboratory for the period 1 May through
34 July 1980. The topics covered are Solid State Device Research,
Quantum FElectronics, Materials Research, Microelectronics, and
Analog Device Technology. Funding is primarily provided by the Air
Force, with additional support provided by the Army, DARPA, Navy,
NASA, NSF, and DOE.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Improved versions of inverted-mesa n*-InP/n-GalnAsP/n-InP/p*-InP avalanche
photodiode structures have been fabricated and characterized. Uniform avalanche
gains of 700, dark current densities of 3 x 10'6 A/cm2 at a multiplication (M) of 10,
and an excess noise factor of 3 (also at M = 10) have been achieved in diodes with
wavelength cutoff at 1.25 pm.

A theoretical analysis shows that, under general conditions in broad-area
InGaAsP/InP double-hetcrostructure lasers, an appreciable amount of reabsorption
of the spontaneous photons can occur which results in a lowering of the laser
threshold current density. Based on these calculations, improved results can be
expected if the free-carrier absorption in the InP and the transmission loss through
the laser sidewalls are minimized and/or the absorption in the active layer is
enhanced.

P-type HgCdTe photoconductors, which can be operated by thermoelectric cooling,
have been investigated for use above 77 K as photo-mixers in tactical COz-laser
systems. The devices (100 um square) have shown heterodyne sensitivities at
38 MHz of 5 x 10°2% W/Hz at 77 K and 1.8 x 10~'? W/Hz at 195 K, with bandwidths
of 140 and 30 MHz, respectively. Bandwidths in excess of 100 MHz at 195 K were
achieved with sensitivities of about 4 x 10~ %° W/Hz.

II. QUANTUM ELECTRONICS

The first observations of tunable Q-switched operation in Ni:MgF, and Co:MgF,
lasers have been made. In addition, the first mode-~locked Ni:Mng laser has been
demonstrated and has produced pulses of approximately 100 psec duration.

An analysis of mechanisms giving rise to the nonlinear optical response of semi-
conductors has been developed. Resonance enhancement effects are identified, and
the application to bistability in integrated optical devices is discussed.

A number of modifications made on the quasi-optical radiometer has resulted in an
improvement in the system noise temperature to 2900 K. The radiometer was used
in the detection of CO in the molecular cloud Orion at 6941 GHz, marking the first
successful submillimeter heterodyne radio astronomy experiment using an optically
pumped far-IR laser local oscillator.

III. MATERIALS RESEARCH

A growth procedure has been developed for using the liquid-encapsulated Czochralski
technique to obtain a highyield of InPsingle crystals capable of providing substrates

vii
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for research on optoelectronic devices. By establishing a suitable temperature
gradient at the growth interface, this procedure minimizes the probability of twin-
ning but does not result in excessive dislocation densities.

In connection with the liquid-phase-epitaxial growth of GalnAsP/InP heterostruc-
tures for optoelectronic devices, the phase diagram for growth of GalnAsP layers
lattice-matched to (100) and (114)B InP substrates has been established over the
temperature range from 570° to 650°C for the entire composition range from InP to
the limiting ternary alloy, Ga0.47lno.53As. For a given growth temperature and Ga
concentration in the liquid phase, the Ga distribution coefficient is always higher
for (100) growth than for (111)B growth, but the difference decreases with increas-
ing temperature.

The feasibility of using the trichloride method of vapor-phase-epitaxial growth to
obtain GalnAsP/InP heterostructures has been demonstrated by growing lattice-
matched GalnAsP layers on (100) InP substrates. Further development of this
method, which uses PCl3 and AsCl3 as the sources of the Group V elements, would
be required to achieve the degree of alloy composition control desired for device
applications.

Heteroepitaxial Gei—xSix alloy films of good crystal quality have been obtained by
transient heating of Ge-coated Si single-crystal samples with a graphite strip-
heater. On the basis of initial experiments on the chemical vapor deposition of
GaAs layers on these alloy films, there appear to be no serious obstacles
to the fabrication of high-efficiency, low-cost GaAs solar cells utilizing the
GaAs/Ge 1 xSty /Si structure.

Liquidus isotherms for temperatures from 425° to 600°C and solidus lines for
CdTe mole fractions between 0 and 0.7 have been determined for the Te-rich
corner of the Hg-Cd-Te system. From the data, it is clear that a very wide range
of Hgi_xCdee compositions can be grown at temperatures of 425° to 600°C by
liquid-phase -epitaxial techniques.

IV. MICROELECTRONICS

A simple technique has been developed for exposing large-area, low-distortion,
periodic structures. The technique, called spatial-period-division, employs near-
field diffraction from periodic and quasi-~periodic parent masks to produce intensity
patterns with spatial periods finer than the parent mask. Spatial-period-division
used in conjunction with soft x-ray lithography should be especially attractive for
exposing structures with periods below 100 nm.

Two schemes have been implemented for fixed-pattern-noise cancellation in a
SAW/CCD time-integrating correlator. One method uses a second CCD chip to
store the fixed-pattern noise for subsequent subtraction from the SAW/CCD output,
and the other uses an A/D converter and a computer for digital post-processing of
the correlator output. The dynamic range of the device has been improved to 40 dB
from 20 dB.

viii
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A GaAs integrated mixer consisting of a slot coupler, a coplanar transmission line,
a surface-oriented Schottky-barrier diode, and an RF bypass capacitor all mono-
lithically integrated on the GaAs surface has been fabricated for operation at

. 110 GHz. The monolithic mixer module mounted in the end of a waveguide horn has

an uncooled double-sideband mixer noise temperature of 339 K and a conversion
loss of 3.8 dB.

Lateral overgrowth of single-crystal Si over an Si.Oz bar structure on a single-
crystal silicon substrate has been achieved by epitaxial growth using the reduction
of silane in a hydrogen gas environment. Up to 4 um of lateral overgrowth has been
observed for thin (0.03 um) SiO2 bars on (100)-oriented silicon wafers. The amount
of overgrowth is dependent on the orientation of the silicon substrate and the thick~
ness of the SiOZ layer.

V. ANALOG DEVICE TECHNOLOGY

A theoretical model has been developed which explains an earlier experimental
demonstration of analog nonvolatile memory in metal-nitride-oxide~semiconductor
(MNOS) capacitors. Experiments have successfully extended such analog memory
behavior to devices produced by a process compatible with charge-coupled-device
(CCD) technology. These results indicate the feasibility of an integrated MNOS/CCD
analog memory, and work to fabricate such a memory is now under way.

LiNbO3 surface-acoustic-wave edge-bonded transducers have been fabricated on ST
quartz and <001>-cut GaAs substrates. Efficient transduction has been demon-
strated in the vicinity of 100 MHz with fractional bandwidths of 50 and 91 percent
for the quartz and GaAs substrates, respectively. Conversion loss as low as 4 dB
has been measured for quartz. A model which accurately predicts this transducer
performance has been devised.

Recent experiments have demonstrated the feasibility of using an acoustoelectric
coherent integrator for programmable processing of burst waveforms of the type
employed in Doppler radar systems. The device output, as a function of Doppler-
shifted input, produced the expected Doppler ambiguity functions for 3-usec gated-
CW subpulses in bursts of 2, 4, 8, 16, and 32 subpulses.




4947

5019

5033

5043

5049

5052

5057

5065

5067

5068

Solid Electrolytes Containing
Both Mobile and Immobile
Alkali Ions

Doppler-Limited Spectroscopy
of the 3u3 Band of SF6

The Growth of Large, Laser
Quality Nd_RE, __P.O
Crystals ximx 5714

Pump Depletion and Saturation
of Two-Photon Resonant Third-
Harmonic Generation Processes

Deconvolution of Infrared Spec-
tra Beyond the Doppler Limit

Fabrication and Numerical
Simulation of the Permeable
Base Transistor

Observation of Stimulated Level
Shifting in Inverted Atomic
Thallium Populations

Ohmic Contact Formation on
InP by Pulsed Laser Photo-
chemical Doping

X-Ray Lithography — A Review
and Assessment of Future
Applications

Direct Writing of Regions of*
High Doping on Semiconductors
by UV-Laser Photodeposition

* Author not at Lincoln Laboratory.

DIVISION 8
REPORTS ON SOLID STATE RESEARCH

15 May through 15 August 1980

PUBLISHED REPORTS

Journal Articles

H. Y-P. Hong

A. S. Pine .
A. G. Robiette

R.D. Plattner:
W. W. Kruhler
W. K. Zwicker*
T. Kovats™

S. R. Chinn

H. Kildal
S. R.J. Brueck

J. Pliva*
A. S. Pine -
P, D, Willson

C. O. Bozler
G.D. Alley

D.J. Ehrlich
R. M. Osgood, Jr.
A. Sanchez

T. F. Deutsch

D. J. Ehrlich

R. M. Osgood, Jr.
Z, L. Liau

H. 1. Smith
D. C. Flanders

D.J. Ehrlich
R. M. Osgood, Jr.
T, F. Deutsch

xi

J. Power Sources 5, 137
(1980)

J. Mol. Spectrosc. 80, 388
(1980)

J. Cryst. Growth 49, 274
(1980) 3

IEEE J. Quantum Electron.
QE-16, 566 (1980)

Appl. Opt. 19, 1833 (1980) 1

IEEE Trans. Electron De-
vices ED-27, 1128 (1980)

Phys. Rev. Lett. 44, 871
(19 80)

Appl. Phys. Lett. 36, 847
(1980)

J. Vac. Sci. Technol. 17, 533
(1980)

Appl. Phys. Lett. 36, 916
(1980)




JA No.

5074 One-Step Repair of Transparent
Defects in Hard-Surface Photo-
lithographic Masks via Laser
Photodeposition

5087 Far Infrared Heterodyne
Detectors

5093 High-Temperature cw Operation
of GalnAsP/InP Lasers Emitting
at 1.5 pm

5108 High-Speed Operation of LiNbO3
Electro-optic Interferometric
Waveguide Modulators

5110 Optically Pumped Ce:LaF3
Laser at 286 nm

D, J. Ehrlich
R. M. Osgood, Jr.
D.J. Silversmith
T, F. Deutsch

P. E. Tannenwald

J.J. Hsieh

F.J. Leonberger

D.dJ. Ehrlich
P. F. Moulton
R. M. Oggood, Jr.

Meeting Speeches

MS No.

5044A 1.0-1.6 um Sources and De-
tectors for Fiber Optics
Applications

5124 Proposed Design of a-Si:H Solar
Cells Using Ultrathin Active
Layer to Increagse Conversion
Efficiency

5127 GaAs Shallow=-Homojunction
Solar Cells

5130 A New Technique for Producing
Large-Grained Semiconductor
Sheets by Laser Crystallization
of Amorphous Films

5154 Fabrication of Ohmic Contacts
on p-Type InP Using Ion Implan-
tation and Laser Annealing

5157 Solid-Phase Crystallization
Produced by Laser Scanning of
Amorphous Ge Films: The Role
of Latent Heat in Crystallization
Front Dynamics

* Author not at Lincoln Laboratory.

A.G. Foyt

J.C.C. Fan
C. O. Bozler

J.C.C. Fan
G. W, Turner
R. P. Gale

C. O. Bozler

J.C.C, Fan
H.J. Zeiger
R. P. Gale

R. L.. Chapman

Z. L. Ljau

N. L. DeMeo
J. P. Donnelly
I E. Mull

R. Bradbury**
J. P. Lorenzo

H.J. Zeiger
J.C.C. Fan

R. P. Gale

R. L. Chapman

IEEE Electron, Devices Lett.
EDL-41, 101 (1980)

Intl. J. Infrared and Milli-
meter Waves 1, 159 (1980)

Appl. Phys. Lett. 37, 25 (1980)

Opt. Lett, 5, 312 (1980)

Opt. Lett. 5, 339 (1980)

Proc. Intl. Conf. on Lasers
'79, Orlando, Florida,
17-21 December 1979,

pp. 410-416

Proc. Fourteenth IEEE Photo-
voltaic Specialists Confer-
ence — 1980, San Diego,
California, 7-10 January 1980,
pp. 1070-1073

Proc. Fourteenth IEEE Photo~
voltaic Specialists Confer-
ence — 1980, San Diego,
California, 7~10 January 1980,
pp. 1102-1105

Proc. Fourteenth IEEE Photo-~
voltaic Specialists Confer-
ence — 1980, San Diego,
California, 7~10 January 1980,
pp. 218-223

In Laser and Electron Beam
Processing of Materials,
C.W. White and P.S. Peercy,
Eds. {(Academic Press, New
York, 1980}, p.494

In Laser and Electron Beam
Processing of Materials,
C.W. White and P. S. Peercy,
Eds. (Academic Press, New
York, 1980), p.234




MS No.
5169

g

o~

JA No.

5072

5076

5083

5103

5111

5112

5115

5119

5123

Redistribution of Implanted Zn
in InP After Q-Switched Laser
Annealing and the Related
Specific Contact Resistance

Z. L. Liau

N. L. DeMeo

J. P. Donnelly,
J.C. Norberg
C.G. Hopkins™*
C. A. Evans, Jr.*
J. P. Lorenzo

UNPUBLISHED REPORTS

Journal Articles

Photo-Acoustic and Photo-
Refractive Detection of Small
Absorptions in Liquids

Formation of the XeBr Exciplex
by Xe-BrZ(D') Collisions

Laser Micro-Photochemistry for
Use in Solid State Electronics

Remote Sensing of NO Using a
Differential Absorption LIDAR

Infrared Spectroscopy Using
Tunable Lasers

Silicon Graphoepitaxy Using
a Strip-Heater Oven

Surface Passivation Techniques
for InP and InGaAsP p=n Junc-
tion Structures

The CLEFT Process, A Tech-
nique for Producing Epitaxial
Films on Reusable Substrates

Orientational and Electronic
Contributions to the Third-
Order Susceptibilities of
Cryogenic Liquids

NN

* Author not at Lincoln Laboratory.

S.R.J. Brueck
H. Kildal
L. J. Belanger

D. J. Ehrlich
R. M. Qsgood, Jr.

D.J. Ehrlich
R. M. Osgood, Jr.
T. F. Deutsch

N. Menyuk
D. K. Killinger
W. E. De¢Feo

H. R. Schlossberg*

P. L. Kelley

M. W. Geis

D. A, Antoniadis
D. J. Silversmith
R. W. Mountain
H. I. Smith

V. Diadiuk

C. A, Armiento
S.H. Groves
C. E. Hurwitz

R. W, McClelland
C. O. Bozler
J.C.C., Fan

H. Kildal
S.R.J. Brueck

xiii

In Laser and Electron Beam
Processing of Materials,

C. W. White and P. S. Peercy,
Eds. (Academic Press, New
York, 1980), p. 500

Accepted by Opt. Commun.

Accepted by J. Chem. Phys.

Accepted by IEEE J. Quantum
Electron.

Accepted by Appl. Opt.

Accepted as Chapter 4 in
Spectrometric Techniques,
Vol.2, G. A, Vanasse, Ed.
(Academic Press, New York)

Accepted by Appl. Phys. Lett.

Accepted by IEEE Electron.
Devices Lett.

Accepted by Appl. Phys. Lett.

Accepted by J. Chem. Phys.




5135

MS No.

4530D

4967B

5427A

5130A

5157A

5204A

5325

5334

5335

High Performance Quasi-
Optical GaAs Monolithic
Mixer at 140 GHz

B. J. Clifton

G.D. Alley

R. A. Murphy

L. H. Mroczkowski

Meeting Speeches *

High-Resolution Molecular
Spectroscopy Using a Tunable
Difference-Frequency Laser
System

Graphoepitaxy

Recent Advances in High BEffi-
ciency, Low Cost GaAs Solar
Cells

Laser Processing of
Semiconductors

Solid-Phase Crystallization
Produced by Laser Scanning of
Amorphous Ge Films: The Role
of Latent Heat in Crystalliza-~
tion Front Dynamics

Low Loss GaAs Optical Wave-~
guides Formed by Lateral Epi-
taxial Growth over Oxide

Analog Memory in MNOS
Devices: Model and
Experiments

Low Leakage, High Gain
GalnAsP/InP Avalanche
Photodetectors

Intracavity-Loss-Modulated
GalnAsP Diode Lasers

*Titles of Meeting Speeches are listed for information only,

distribution.

A, S. Pine

D, C. Flanders

J.C.C. Fan
G. W. Turner
R. P. Gale

C. O. Bozler

J.C.C. Fan )
H.J. Zeiger

R. P. Gale

R. L. Chapman

H.J. Zeiger
J.C.C, Fan

R. P. Gale

R. L. Chapman

F.J. Leonberger 9
C. O. Bozler

R. W. McClelland
I. Melngailis

R. S. Withers
R. W. Ralston
E. Stern

V. Diadiuk
S. H. Groves
C. E. Hurwitz

D. Z. Tsang
J. N. Walpole
S.H. Groves

J.J. Hsieh -J
J. P. Donnelly

Accepted by IEEE Trans.
Electron Devices

High Resolution Infrared Ap-
plications and Developments
Symp., Gaithersburg, Mary-
land, 23-25 June 1980

Greater New York Chapter
American Vacuum Society,
RCA Laboratories, Princeton,
New Jersey, 4 June 1980

1980 Gordon Research Con-
ference on Crystal Growth,

Plymouth, New Hampshire,
14-18 July 1980

Seminar, Digital Equipment
Corporation, Hudson, Massa-
chusetts, 11-12 June 1980

38th Annual Device Research
Conference, Cornell Uni-
versity, Ithaca, New York,
23~25 June 1980

No copies are available for




R it Y

5346 Direct Writing of Micrometer-
Sized, Highly Doped Regions on
Semiconductors by UV-Laser
Photodeposition

5358 The CLEFT Process: A Tech-
nique for Producing Many
Single-Crystal Films of GaAs
from One Reusable Substrate

5219A Integrated Optics and Optoelec-
tronic Switches for Signal
Processing

5232 High-Power Output and Tuning
Prcperties of the UV Solid-
State Ce:YLF Laser

5236 Laser~Induced Photochemical
Reactions for Electronic-Device
Fabrication

5237 Recent Advances in Transition-

Metal-Doped Lasers

5245 Temperature-Dependent Spectral
Study of the XeBr Excimer Bands
via Two-Photon Optical Pumping

5373 The nv3 Multiple-Photon Ladder
of SF6

5234 Submicrometer Technology and
Devices for VLSI

5352 Monolithic Circuit Design

5236A Laser-Induced Photochemical
Reactions for Electronic-
Device Fabrication

5243 A Review of X-Ray Lithography

5264, Recent Advances in Tunable
5264B Lasers

* Author not at Lincoln Laboratory.

D. J. Ehrlich
R. M. Osgood, Jr.
T. F. Deutsch

R. W, McClelland
C. O. Bozler
J.C.C. Fan

F.J. Leonberger

D. J. Ehrlich
P. F., Moulton
R. M. Osgood, Jr.

D.J. Ehrlich
R. M, Osgood, Jr.
T. F. Deutsch

P. F. Moulton
A. Mooradian

D.J. Ehrlich
R. M. Osgood, Jr.

C.W. Patterson™
R. S. McDowell*
P. F. Moulton
A, Mooradian

W. T. Lindley

A, Chu

D, J. Ehrlich
R. M. Osgood, Jr.
T, F., Deutsch

H. I, Smith
D. C. Flanders

A, Mooradian

Xv

1

38th Annual Device Research
. Conference, Cornell Uni-
versity, Ithaca, New York,
23-25 June 1980

Workshop on High=-Speed
Optical and Electronic
Devices, Dedham, Massa~
chusetts, 21 June 1980

XI Intl. Quantum Electronics
t Conference, Boston,
23-26 June 1980

-

Electro '80, Boston,
12-15 May 1980

Gordon Research Conference,
Meriden, New Hampshire,
21-25 June 1980

9th Intl. Conf. on Electron
and Ilon Beam Science and
Technology, St. Louis,

Missouri, 11-16 May 1980

Intl. Conf. on Lasers, Peking,
China, 19-22 May 1980;
Seminar, Raytheon Co.,
Waltham, Massachusetts,

11 June 1980

i
i
:




~ B s

i v~

MS No.
5264A

5394

5271

5285

5324

5370

5278B

5278C

5411

5294

5312

5320

5321

5322

5327

5349

Recent Advances in Tunable
Lasers

Nonlinear Optics of Cryogenic
Liquids

Vapor-Phase Epitaxy of InP
and GalnAsP

Synthesis and Crystal Growth
of InP

Liquid-Phase Epitaxial Growth
of InP and InGaAsP Alloys

The Electro-optic Applications
of InP

Silicon Graphoepitaxy

Graphoepitaxy of Silicon

Research at the Limits of
Microstructure Fabrication

Collisional Narrowing of HF
Fundamental Band Spectral
Lines by Neon and Argon

Extending the Operating Tem-
perature, Wavelength and Fre-
quency Response of HgCdTe
Heterodyne Detectors

Surface Diffusion in MBE Growth
of GaAs

Phase Diagram for LPE Growth
of GalnAsP Layers Lattice-
Matched to InP Substrates

Properties of W-GaAs Schottky
Barriers After High Tempera-
ture Anneal

Growth-Temperature Dependence
of LPE GalnAsP/InP Lattice
Mismatch

DIAL Measurements of C2H4

A. Mooradian

S. R.J. Brueck
H. Kildal

P. Vohl

G.W. Iseler
S. H. Groves
M. C. Plonko

A.G. Foyt

M. W. Geis
D.C. Flanders

D.J. Silversmith
D. A. Antoniadis

H. 1. Smith
M. W. Geis

D. C, Flanders

A.S. Pine

D. L. Spears

A. R. Calawa

J.J. Hsieh

K. B. Nichols
C. O. Bozler

Z. L. Liau
J.J. Hsieh

D. K. Killinger
N. Menyuk

xvi

Sergio Porto Memorial Con-
ference on Lasers and Appli-
cations, Rio de Janeiro,

Brazil, 29 June — 3 July 1980

NATO-sponsored Workshop on
InP, Harwichport, Massachu-
setts, 17-19 June 1980

Solar Energy Research Insti-
tute — Program Review Talk,
Washington, DC, 10-12 June
1980

Gordon Research Conference,
New London, New Hampshire,
23-25 June 1980

35th Annual Symposium on
Molecular Spectroscopy,
Ohio State University,
Columbus, 16-20 June 1980

Intl. Conf. on Heterodyne
Systems and Technology,
Williamsburg, Virginia,
25-27 March 1980

Electronic Materials Con-
ference, Cornell University,
Ithaca, New York,

24-27 June 1980

Topical Meeting on Coherent
Laser Radar for Atmospheric
Senging, Aspen, Colorado,
15-17 July 1980




R

MS No.

5385

5369

5371

5380

5458

e

Surface-Acoustic-Wave Chirp-
Fourier-Transform Techniques
for Doppler Signal Processing
in Laser Radars

The Electrical Characteristics
of lon Implanted Compound
Semiconductors

Reactive Ion Etching of Super-
conducting Devices

Systems Aspects of SAW
Convolvers

Signal Processing with Acousto-
electric SAW Devices

R. C. Williamson
J.T. Lynch

D. R. Arsenault
V. S. Dolat

J. P. Donnelly

S. A. Reible

J. H. Cafarella

I.Yao

xvii

Topical Meeting on Coherent
Laser Radar for Atmospheric
Sensing, Aspen, Colorado,
15-17 July 1980

IBMM-80 Conference on lon
Beam Modification of Mate-
rials, Albany, New York,
14-18 July 1980

New England Chapter Ameri-
can Vacuum Society Symp.,
Danvers, Massachusetts,

17 June 1980

1980 Intl, Microwave Symp.,
Washington, DC, 28-30 May
1980

SPIE Annual Intl. Conf.,
San Diego, California,
29-31 July 1980




ORGANIZATION

SOLID STATE DIVISION

A. L. McWhorter, Head

I. Melngailis, Associate Head

QUANTUM ELECTRONICS

A. Mooradian, Leader
P. L. Kelley, 4ssociate Leader

Barch, W. E.
Belanger, 1.. ).
Blumberg. W. A, M.
Brueck, S. R. 1.
Burke, J. ®.
Bushee, J. F.
Chinn, S. R,
DeFeo, W. E.
Deutsch, T. F.
Fhrlich, D. ).
Feldman, B.
I"etterman, H. R.

Fleming, M. W.*
Goodhue, W. D.*
Hancock, R. C.
Kildal, H.
Killinger, D.
Menyuk, N.
Moulton, P. F.
Osgood, R. M., Jr.
Parker, C. D.
Peck, D. D,
Pine, A. S.
Williams, G. E.*

APPLIED PHYSICS

R. C. Williamson, Leader

C. K. Hurwitz, Associate Leader
T. C. Harman, Senior Staff
R. . Kingston, Senior Staff

Armiento, C. A.*
Calawa, A. R,
Carter, F. B.
DeMeo, N. L., Jr.
Diadiuk, V.
Donnelly, J. P.
Duffy, P. E.
Ferrante, G. A.
Foyt, A, G.
Groves, S. H.

Kirsch, S. T.*

I.eonberger, F. J.
l.iau, Z-l..

l.ind, T. A.
McBride, . F.
Paladine, A, E,
Plonko, M. C.
Spears, D. 1.,
Tsang, D. 7>
Turner, G. W,
Walpole, J. N.

J. F. Goodwin, Assistant

R. ll. Rediker, Senior Staff
P. £.. Tannenwald, Senior Staff .

MICROF.LLECTRONICS
%. T. Lindley, Leader

‘Fisher, J. H.

ELECTRONIC MATERIALS

A. ]. Strauss, Leader
H. J. Zeiger, Associate Leader
J. G. Mavroides, Senior Staff

Anderson, C, H., Jr. Iseler, G. W.
Button, M. J. Kafalas, J. A.
Chapman, R. L. Kolesar, D. F.
Davis, F. M. Krohn, [..,Jr.
Delaney, E. J. Mastromattei, F. L..
Fahey, R. E. Owens, E. B.
Fan, J. C. C. Palm, B. I.
Finn, M. C. Pantano, J. V.
Foley, G. H. Salemo, J. P.*
Gale, R. P. Tracy, D. M.
Hong, H. Y-P. Tsaurs, B-Y.
Hsieh, ). . \Vohi, P.

ANALOG DEVICE TECHNOLOGY

F.. Stern, Leader
J. H. Cafarella, 4ssistant Leader
R. W. Ralston, Assistant Leader

Anderson, A. C. Kernan, ®&. C.
Arsenault, D. R. f.eung, L
Baker, R. P. Lowney, S. D.
Becker, R. A. Lynch, J. T.
Behrmann, G. I. Qates, D. F,
Brogan, W. T. Reible, S. A.
Dolat, V. S. Slattery, R.1..
Rithers, R. S,

Holtham, J. H. Yao, L.

F. ]. Bachner, {1ssociate Leader
H. 1. Smith, Assistant Leader
R. A. Murphy, 1Assistant Leader

Alley, G. D,
Bozler, €, 0.
Burke., B. F.
Cabral, S. M.
Chiang, A. M.
Chu, A.
Clifton, B, I.
Danicls, P, J.
DeGraff, P, D,
Durant, G. V..
E(’nnnmnu. Y. P.
l"ifrr‘mnvs. \',..lr.

Elta, M. K,
Felton, B, J.
Flanders, . C.
Geis, W W,
Goeloe, G, T.%
Grav, RV,
Hansell, G.1..°
Hawrvluk, A M7
Jacobsen, k. H.
Lincoln, G AL T,
Vvszerare, T,
Macropoulos, R,

“Rescurch A\ssistant
"Part Time

FStaff \ssociate

xviii

Mahonev, 1., ).
MeClelland, R §,
Melngailis. 1.7
McGanagle, W, H.
Mountain. R. W,
Nichols, K. H.
Piacentini. W. .
Pichler, H. H. i
Rathman, D. D.
Shaver, D. C.}
Silversmith, D. I.
Smythe, D. L., Ir.
Wilde, R, ¥,




I. SOLID STATE DEVICE RESEARCH

A. AVALANCHE MULTIPLICATION AND NOISE CHARACTERISTICS
. OF LOW-DARK-CURRENT GalnAsP/InP AVALANCHE
PHOTODETEC TORS
Uniform avalanche gains of 700, dark-current densities of 3 X 10-6 A/cm2 at M = 10, and
. an excess noise factor of ~3, also at M = 10, have been achieved at wavelengths up to 1.25 pym
in improved versions of the inverted-mesa n+-lnP/n-GaInAaP/n-InP/p+-1nP photodiode struc-
tures described previously.1 The low dark current results from the placement of the p~n junc-
tion in the InP and from the use of a new passivation technique.

The structure, shown in the inset of Fig. I-1, is similar to the earlier one1 with the excep-~
tion of the top n*-InP layer which had been left out in the earlier devices for simplicity, This
n+-InP top layer provides a low-resistance, transparent contact and eliminates losses due to
surface recombination. The mesas were fabricated as described pmviously,1 with the excep-
tion that surface passivation, which was found to be critical to attainment of reproducibly low
dark currents, was accomplished by application of a DuPont polyimidez film (5-8 um thick)
directly over the freshly etched mesas. The film was patterned using standard photolithographic
techniques and cured by baking at 200°C for 1 hour. Devices so passivated were found to be
highly stable in normal room atmosphere and under sustained high values of bias voltage.
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Fig.1-1. 1-V characteristics of GalnAsP/ - -8
InP APD with D = 76.2 um. Photoresponse 3 . o 1nP e B
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light and at frequencies ranging from 1 kHz 2 AuMg Lt 2
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Typical reverse I-V characteristics with and without light are shown in Fig.I-1. The pho-
tocurrent measurement was performed at 200 Hz by illuminating the device with chopped 1.15-pm
. ’ light from a He-Ne laser, and at frequencies ranging from 1 kHz to 25 MHz by using the modu-
lated output of a 1.21-pm GalnAsP laser. The multiplication vs bias was independent of fre-
quency over this range. Pulse-response rise times of less than 160 psec, measured with an
avalanche gain of 40 and limited by the rise time of the mode-locked Nd:YAG laser pulse,
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indicate that the frequency response extends beyond 1 GHz. Based on measurements on con-

ventional versions of GalnAsP/InP photodiodes whose response characteristics should not differ
essentially from the present devices, it can be inferred that pulsewidths of <80 psec should be
ac:hievable.3 Photoresponse scans with the light incident from the front or back side showed
uniform response and absence of microplasmas. The onset of the photoresponse beginning at
about 23 V corresponds to the punch-through of the depletion region from the InP into the
GalnAsP. The photogenerated holes, which at low bias had been confined to the GalnAsP by
the valence band barrier of the heterojunction, are now swept by the junction field over the
barrier into the InP where they are collected.‘*'5 This punch~through voltage is in agreement
with that obtained from C-V measurements, At all frequencies, the maximum value of photo-
multiplication decreased with increasing primary photocurrents over the range of 1 nA to 1 pA,
in good agreement with the gain-saturation model of Melchior and Ly'nch.6 The maximum ava-
lanche multiplication, obtained for an initial photocurrent of 1 nA, was ~700,

In Fig. I-2, for the same device, the measured dark current at a given bias voltage has been
plotted as a function of the photocurrent multiplication factor at that same bias. At low values
of multiplication (covering the bias range from about 20 to 60 V), the current rises rapidly as
the depletion region spreads into the GalnAsP from the wider-gap InP and the dark current
(presumably due to bulk space charge generation) increases and begins to be multiplied. Over
the range of multiplication from approximately 2 to 50 (corresponding to a bias range of ~60 to
67 V) the dark current is proportional to the multiplication, indicating that over this range the
dominant component of the dark current is bulk space charge generation current which is being
multiplied by the avalanche process. At larger values of multiplication (i.e., biases above 67 V)
the dark current rises more rapidly than the multiplication, indicating that the electric field in
the GalnAsP itself has increased to the point that the anomalous leakage currents (possibly due
to tunneling7) observed in conventional GalnAsP p-n junction devices become dominant.

Noise measurements as a function of multiplication were made at several frequencies from
200 Hz to 25 MHz and for varying levels of illumination incident from both the front and the back
of the detector. A sensitive spectrum analyzer and low-noise transimpedance amplifiers were
employed. The excess noise factox'8 F, calculated from the measured values of noise added
by the incident light and the concurrently measured multiplication, is plotted in Fig.I1~3 as a
function of multiplication. The solid curves were calculated from the theory of MclIntyre, with
keff defined as the effective electron-to-hole ionization coefficient x~:=\tio.9'lo F is independent
of photocurrent, frequency, and direction of illumination, This result is in qualitative agree-
ment with those obtained in InP,“ and is consistent with 8 > a, where 3 and a are, respec-
tively, the hole and electron ionization coefficients. (The photogenerated carriers swept into
the InP and thence multiplied are purely holes.) As evident from the figure, low values of F,
consistent with a keff of 0.02 to 0.1, are found for M < 10. For larger values of multiplication,
F increases considerably more rapidly than expected. The reason for this result is not known

at present. Multiplication in the GalnAsP, for which holes have the lower ionization coefficient,iz

can apparently be ruled out since the maximum field there is less than that at which multiplica-
tion is observed in avalanche photodiodes (APDs) with the p-n junction in GalnAsP of the same
composgition. Similar behavior has been obs.erved8 in Si APDs, but appears to be dependent
on the specific device structure.

The quantum efficiency of the GalnAsP/InP photodiodes measured from the front was 50%,
a value which is somewhat lower than the reflection-limited maximum of 70% because of carrier




recombination in the undepleted region of GalnAsP. This can be corrected by optimizing the
device parameters during growth. The efficiency for back illumination is low because of free-
carrier absorption in the heavily doped p-type substrate. Thinning of the wafer will be required
to achieve high quantum efficiencies in this mode.

The GalnAsP/InP APDs reported here are not of optimal design and have noise character-

istics at high multiplication which at present are higher than predicted. Nevertheless, it is
clear that they already are considerably more sensitive than any competitive devices hitherto
reported and promise even higher performance with further development.

V. Diadiuk

S. H. Groves

C. E. Hurwitz

B. THE RECYCLING OF SPONTANEOUS PHOTONS IN GalnAsP/InP

DOUBLE HETEROSTRUCTURE LASERS

A theoretical analysis has been carried out which reveals the significance of the transpar-
ency of the InP substrate to the spontaneous light emitted by the GalnAsP active layer in
GalnAsP/InP double heterostructure lasers. Because of the metallic contacts and the large dif-
ference of the refractive indices between InP and air, the spontaneously emitted photons will
bounce around within the device and have a large probability of being reabsorbed by the active
layer (via band-to-band transitions). This reabsorption of spontaneous light w.ll be important
for the semiconductor lasers, especially for the lowering of the threshold current density.

Figure I-4 shows a schematic drawing of a broad-area GalnAsP/InP double heterostructure
(DH) laser diode. Most of the spontaneous light emitted from the active layer will be reflected
by the two metallic ohmic contacts (top and bottom in Fig. I-4) and the sidewalls and be confined
to the device volume. We will therefore treat the spontaneous light as a photon gas filling the
whole device. For simplicity we ignore the absorption at the metallic contacts. There are then

three major processes which contribute to the consumption of the spontaneous photons, namely:
{1) transmission through the sidewalls of the device, (2) free-carrier absorption in the InP sub-
strate and cladding layers, and (3) reabsorption (band to band) in the active layer. (The total
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Fig.I-4. Schematic drawing of the broad-area GalnAsP/InP double~
heterostructure laser diode used in the present calculation. The
shaded region is the GalnAsP active layer. The top and bottom faces N
(LxW) are the ohmic contacts. :




free-carrier absorption in the active layer is small relative to the substrate and cladding layers,
since the active layer is generally much thinner.)

Only those photons impinging upon the sidewall within an angle <20° (critical angle) of the
surface normal can be transmitted into the air.13 The average transmission probability for
photons within this angle per bounce is ~70%. Therefore the number of photons transmitted
into the air per unit time, Rt‘ is given by

Ry = NA £ x 1 X 0.70 (1-1)
where N is the photon density (per unit volume) in the device, A = 2 (LH + WH) is the total area
of the sidewalls (cf. Fig. 1~4), c¢/A is the speed of light in InP (with i being the refractive index
of InP), and @ is the solid angle within which transmission is possible. It can easily be shown
that 2/4x = 0.0302.

The number of photons absorbed by the free carriers in InP per unit time, Ra' is given by

R_ = NV

a YInp (1-2)

=111

where V = LWH is the total volume of the device and anp is the average free-carrier absorption
coefficient of the InP substrate and cladding layers. The number of photons reabsorbed in the
active layer per unit time, R, is given by

Ny €4 4 -
Rr—l\VEHOIQ (1-3)
where d is the active layer thickness (in general, d < H) and EQ is the average band-to-band
absorption coefficient in the active layer.

The fraction, f, of the spontaneous photons which is reabsorbed by the active layer is given
byf = Rr/(Rr + Ra + Rt). By combining Eqs. (1-1)-(I-3), we get

&Qd/H

4., 00w - (1-4)
QH " %mp LW

f =

The magnitude of f will be of great importance in the laser characteristics. Using Eq. (I-4),
we have evaluated f as a function of active layer thickness d for typical device dimensions and
several possible values of «p and EQ. The results are shown in Fig, -5,
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present calculation [Eq. (I-4) ],
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The immediate effect of the reabsorption of the spontaneous photons is an effective length-
ening of the radiative carrier lifetime and the consequent lowering of the laser threshold cur-
rent density. To see this, we suppose that the radiative carrier lifetime without the reabsorp-
tionis 7 . With the reabsorption, the effective radiative carrier lifetime is now

7= . (1-5)

The ratio of the threshold current densities with and without the reabsorption is then given by

J'th {with reabsorption)

= L (1-6)
4, (without reabsorption) ot

where ' = 7 7' /7T +t'andT=zT1_ T /7T + 7_ are total carrier lifetimes with and without
nr r’ nr r nr r’ ‘nr r
the reabsorption, respectively. (an is the nonradiative carrier lifetime.) After some rear-
ranging, the lowering of the threshold current density can be expressed as
J, —J!
—— = nf (I-7)

where 7 = an/(Tm' + Tr) is the internal quantum efficiency of the laser without the reabsorption.
Note that n will be a limiting factor in the threshold-current lowering.

In Eq.(I-3) an average absorption coefficient EQ has been used for the band-to-band reabsorp-
tion of the spontaneous photons. The value of EQ will depend on the functional dependence of the
absorption coefficient on energy, which in turn depends on the band structure and electron-hole
injection.14 Those spontaneous photons with energies in the gain region (the lower energy por-
tion of the spontaneous spectr‘um)1 5 will have a net probability of being amplified, rather than
being absorbed, when passing through the active layer. These photons will not only make a
negative contribution to f but probably will also contribute to the noise in the laser emission.
However, with gain <100 cm-1 these photons will more likely be absorbed in the InP or be
transmitted through the device sidewalls.

The present calculations show that for the general case of broad-area GalnAsP/InP lasers,
appreciable amounts of reabsorption of the spontaneous photons and lowering of the laser thresh-
old current density can occur [Fig.1-5 and Eg. (I-7})]. Based on the same calculations, improved
results can be expected if the device structure is optimized to minimize the free-carrier ab-
sorption in InP and the transmission loss through the sidewalls and/or to enhance the absorp-
tion in the active layer. These can be achieved by using low substrate doping, a thin substrate,
Au-coated sidewalls (except for the laser emission region), and a thicker active layer, etc. In
addition to the broad-area lasers, the same concept can be applied to other laser structures.
Among the stripe-geometry lasers, the buried-heterostructure and strip-buried heterostructure
lasers are most pertinent, because there is no unpumped region of the GalnAsP layer which
will contribute to the loss of spontaneous light. The same principles can also be applied to the
GaAs/GaAlAs lasers if the highly absorbing GaAs substrates can be removed or optically iso-
lated from the finished devices.

The reabsorption of the spontaneous photons is also likely to affect the temperature depen-
dence of the threshold current. Generally speaking, the increase of threshold current accom-
panying an increase in temperature is mainly due to an increase in the energy spread of the in-
jected carriers. The result is that the maximum gain is lowered and more carriers are wasted
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in generating spontaneous emission. This will also cause an increase in T and a consequent

increase in f. Reabsorption of spontaneous photons will thus have a tendency to reduce the
temperature dependence of the threshold current and to increase the reliability of the device,

Z.L. Liau
J. N. Walpole

C. HIGH-PERFORMANCE ELEVATED-TEMPERATURE PHOTOMIXERS

FOR COZ LASER SYSTEMS

P-tyvpe Hg(CdTe photoconductors have been investigated for use as photomixers at tempera-
tures above 77 K in tactical CO2 laser systems demanding the simplicity and reliability of a
thermoelectrically cooled detector. The physics of heterodyne operation of intrinsic photocon-~
ductors has been examined, and numerous specially designed p-type HgCdTe photoconductors
have been fabricated and evaluated. These 100-um-square devices have shown heterodyne sen-
sitivities at 38 MHz of 5 x 10 2% W/Hz at 77 K and 1.8 x 10" 1% W/Hz at 195 K, with bandwidths
of 140 and 30 MHz, respectively. Bandwidths in excess of 100 MHz at 195 K have been obtained
with sensitivities of about 4 X 10™*7 W/Hz.

At low temperatures, photodiodes, which have shown noise equivalent powers (NEPs) as low
as 3 X 10-20 W/Hz, are fundamentally better CO2 laser photomixers than photoconductors.i6’17’18
However, as the detector temperature is increased above about 160 K, 10-um photoconductors
will begin to outperform photodiodes. In order to obtain quantum-noise-limited operation, the
(‘O2 laser local oscillator power absorbed by the photoconductor must be such that (1) the den-
sity of photogenerated carriers exceeds the background minority carrier density and (2) the
generation-recombination noise associated with the photocarriers exceeds the Johnson or thermal
noise (4kT/R) of the photoconductor. The first condition above is equivalent to the photodiode
requirement that the photocurrent exceed the thermally generated dark current. The local oscil-
lator powers needed to satisfy these requirements for the photoconductor and photodiode are vir-
tually identical, with the same temperature dependence. The advantage photoconductors have
over photodiodes comes from condition (2) above, i.e., overcoming Johnson noise. At high
temperatures the junction resistance of 0.12-eV photodiodes goes to zero, whereas relatively
high resistance can be obtained with a p-type HgCdTe photoconductor because of the low mobility
of holes.

The bandwidth of a photoconductor is determined by the lifetime of the minority carriers,
which in small-energy-gap p-type HgCdTe is controlled by Auger recombination processes and
is a strong function of carrier concentration. The dashed curve in Fig, I-6 shows the calculated
Auger-limited bandwidth of p-type, 10-um HgCdTe photoconductors at 200 K as a function of
hole ccmcem:raticm.19 Data we have accumulated on the pulse response of many different devices
are consistent with this curve. The solid curves in Fig.1-6 are the calculated local oscillator
powers required to satisfy the two conditions above, i.e., photogenerated electron concentration
equal to background electron concentration and g-r noise equal to thermal noise. A minority
electron mobility of 10,000 cmz/V -sec was assumed as well as unit quantum efficiency (n = 1).
The power required to overcome thermal noise varies as V-Z, but Joule heating places a prac-
tical limit to the bias voltage. One volt was used for this calculation. A minimum in the cal~-
culated LO power occurs for p = 3 X 1016 em”3 (about 3 times the intrinsic carrier concentra-
tion), with a corresponding bandwidth of 12 MHz. For a 100-MHz bandwidth, a laser power of
about 10 mW is calculated for LO-noise-limited operation. LO-noise-limited operation at 1 GHz
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appears beyond possibility due to the over 100 mW requirement in these small area (100 um X
100 pm) devices and the associated heating.
] Many different p-type photoconductors were fabricated by epoxy-bonding p-type HgCdTe to
sapphire substrates and thinning to about 10 pm. Acceptor concentrations ranged from about
2 X 1017 cm-3 to less than 1 X 10‘6 cm_3, and energy gaps at 200 K ranged from 0.14 to about
0.11 eV. Bandwidths in excess of 500 MHz were observed for the high acceptor concentrations,
but the photoconductance was small (typically of the order of 0.1 m mho/mW at 10.6 uwm) due
principally to the short lifetimes. Quantum efficiency, lifetime and minority electron mobility
were determined on many of these devices by analyzing the results of responsivity, pulse re-
sponse, and heterodyne sensitivity measurements. Minority electron mobility values ranged
from about 3,000 to about 10,000 cmZ/V-sec and did not appear to change from 77 to 195 K.
Two techniques were used to measure heterodyne NEP: blackbody heterodyne radiometry

and the mixing of two coherent COZ beams offset by 38 MHz with an acoustooptic modulator.

Results from the two methods were in good agreement. Although the acoustooptic modulator
technique was limited to a single beat frequency, much higher sensitivity was achieved. In

Fig. I-7, the NEP as a function of local oscillator power is shown for a detector at 77 and 195 K.
At 77 K this device shows a heterodyne sensitivity very close to that of an ideal photoconductor

(indicated by the dashed line in Fig.1-7). The g-r noise of the local oscillator equaled the total
noise from all other sources (primarily Johnson noise) at a power level of only 0.7 mW. The
solid curve going through the 77 K data was calculated from the simple asymptotic expression,

NEP = (2hvB/7) (1 + PO/PLO)

where B is the noise bandwidth, 7 is the quantum efficiency, and P0 is the equivalent back-
ground noise power (0.7 mW),

At 195 K the minimum NEP is about 4 times higher than at 77 K. This loss in sensitivity
is due to a combination of lower quantum efficiency (~50%) and higher background noise (Po ~
2 mW). In addition, at 195 K both 7 and Po are strong functions of temperature and heating is
an important consideration. The energy gap of HgCdTe increases with increasing temperature,
resulting in a decrease in absorption coefficient and 7. Also P0 is a very strong function of
the intrinsic carrier concentration, which increases exponentially with temperature.zo Con-
sequently, heating due to the local oscillator causes 7 to decrease and PO to increase, result-
ing in a minimum in the NEP-vs-PLO curve. The 195 K curve in Fig, [-7 was calculated as-
suming a heating factor of 1 K/mw, which is consistent with calculated and measured values.
The minimum NEP of 1.8 X 10-19 W/Hz is the best value reported to date for a CO2 laser photo-
mixer at 195 K. Pulse response measurements indicated that this device had a 3-dB rolloff fre-
quency of 140 MHz at 77 K and 30 mHz at 195 K. The magnitude and temperature dependence
of the bandwidth are in agreement with the calculated Auger recombination times19 for HgCdTe
withp =5X 1016 cm-3. Bandwidths of over 100 MHz have been obtained with a NEP in the vicin-
ity of 4 x 10™*? W/Hz at 195 K.

With further optimization of the photoconductor structure, including better heat sinking, we
calculate than a NEP of 1 X ‘10-19 W/Hz and a bandwidth of 150 MHz could be obtained at 250 K.
A room=-temperature CO2 laser photomixer with a NEP of 3 X 1071? W/Hz and a bandwidth of
200 MHz should also be realized with p~type HgCdTe photoconductors.

D, L. Spears
P. E. Duffy
C. D. Hoyt
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I, QUANTUM ELECTRONICS

A, Q-SWITCHING AND MODE-L.OCKING OF TRANSITION METAL L.ASERS

Tunable, Q-switched operation has been observed in Ni:MgF2 and Co:MgF‘2 lasers under
CW pumping conditions. A Ni: MgF, laser, operating at 1,67 um, has been mode-locked to pro-
duce ~100-psec-wide pulses at a 247-MHz repetition rate.

Previous Q-switching results1 were limited by the static and dynamic losses introduced by
the LiNbO3 electrooptic Q-switch used. The data presented here were citained with a Brewster-
angle, fused-silica acoustooptic Q-switch, which had a negligible insertion loss. The laser sys-
tem was a 3-mirror design described previously2 and employed a 1,2-cm-long, Brewster-angle
laser crystal, cooled to ~80 K and pumped by a 2-W, TEMoo-output, 1.33-um Nd:YAG laser.

The peak and average power outputs vs repetition rate for Ni:MgF2 and Co:MgFZ are shown
in Figs. [I-1 and II-2, respectively. The pulsewidth of the Ni:MgF, laser varied from 0.7 usec
at low repetition rates to 3.5 usec at 2 kHz, while that of the Co:MgF2 laser varied from 1.0 usec
at 100 Hz to 5.0 usec at 5 kHz. At high repetition rates for both systems, the average power
output was essentially the same as the CW output. For Ni:MgF, the extracted energy density
was ~2,5 J/cms.

Tunable Q-switched operation was observed from Ni:MgF, and Co:MgF, lasers by insertion
of a single-element birefringent filter in the laser cavity, Figure II-3 presents the peak power
output at a pulse rate of 100 Hz as well as the CW output vs wavelength for Ni:MgFZ. Data on
tunable Q-switching of the Co:MgFZ laser have not yet been taken over the full CW tuning range
(from 1.63 to 2,11 um), but Q-switched output was obtained from 1.64 to 1.89 pm,

The rolloff in peak power for Ni: MgF at repetition rates >200 Hz is not in accord with stan-
dard theory for CW-pumped, repet1t1vely Q@-switched lasers, which predicts a rolloff around
80 Hz, the inverse of the 12-msec Ni: MgF upper-state 11fet1me. The Nd:YAG pump-laser in-
tensity is sufficiently intense to partially saturate the N1 * ¢{ransition in absorption, however,
and such saturation may explain the discrepancy. The power vs rate behavior of the Co:MgFZ
laser is in good agreement with theory, given the 1.3-msec lifetime of that system. In Q-switched
operation, the pulse output energy increases linearly with pump power while the pulse width de-
creases. Thus, compared with CW output power, Q-switched peak-power output is a more sen-
sitive function of the ratio of pump power to threshold pump power. Since this ratio changes as
the laser is tuned at constant pump power, the wider variation with wavelength in power output
for peak power than for CW power is expected in the tuning results of Fig. II- 3.

The large gain-bandwidth of the Ni:MgF_2 and Co:MgF2 lasers should allow generation of
picosecond pulses under mode-locked conditions. A preliminary experiment in mode-locking
was carried out on the three-mirror-cavity Ni:MgF, laser. An intracavity electrooptic loss
modulator consisting of a 2-cm-long, Brewster-angle-cut crystal of LiNbO3 was used for active
mode-locking, The modulator was driven by 5 W of RF power through an L.C impedance-matching
network at a frequency of ~123,4 MHz, half the round-trip frequency of the laser cavity. The
peak loss was cstimated to be about 5 percent, Extremely careful adjustment of both pump beam
alignment and RF drive frequency was required to obtain a mode-locked output free of relaxation
oscillations; tolerance on the drive frequency was less than 1 kHz, The 10-mW, 1,67-um output,
as detected by a Ge avalanche photodiode and viewed on a sampling oscilloscope, is shown in
Fig. II-4. The pulsewidth indicated is undoubtedly detector limited, The frequency spectrum of
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Fig. I[-4. Mode-locked pulses
from Ni:MgF, laser.

the laser, as determined by a scanning confocal interferometer with a free-spectral-range (FSR)
of 7.5 GHz appears in Fig. II-5. A higher resolution view of Fig. II-6 shows at least three over-
lapping orders of modes, i.e,, the FSR is too small to properly view the mode spectrum., What

is evident from Fig. 1I-5, however, is a deep modulation of the mode spectral envelope, caused

by some etalon or etalon-like effect in the laser cavity, which produces at least three clusters of
modes. Without the deep modulation, the approximate pulsewidth pr‘edicted4 from the unfolded
15-GHz FWHM linewidth of the mode spectrum would be ~30 psec. The modulation broadens the

1 temporal width of the main pulse and would also generate weak satellite pulses spaced ~130 psec
on either side of the main pulse, providing that phase coherence is maintained among the clusters.5

1
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1 Fig. II-5, Scanning-interferometer spectrum Fig. 1I-6, Expanded scan of Fig. II-5,
1 from mode-locked Ni:MgF, laser. showing three clusters of modes,

- It is expected that use of an improved loss modulator, such as an acoustooptic cell similar
to that used for Q-switching, and elimination of the presently unexplained etalon effect in the
laser cavity would both increase the power output and decrease the pulsewidth of the mode-locked
Ni:MgF, laser. P. F, Moulton

A. Mooradian
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B. SEMICONDUCTOR OPTICAL NONLINEARITIES

There has recently been increased interest in the use of nonlinear optical effects in semi-
conductor materials for bistable switch operation6'7 and for optical phase conjugation.8‘9 Much
of the bistability work has been motivated by the potential use of such devices in optical signal
processing applications, Although the interest in phase conjugation stems from a different area,
the same nonlinear mechanisms contribute to both effects,

Bistability results when a medium with an intensity-dependent refractive index is placed
within a Fabry-Perot optical cavity., The resonator structure provides the optical feedback nec-
essary for the bistable operation. This configuration is shown in Fig, II-7(a). It is also passible
to visualize integrated circuit analogs of this device such as shown in Fig, II-7(b), A hybrid
three-port switch which uses an external laser source to control the transmission of an integrated
optical structure is shown schematically in Fig, II-7(c)., There has also been a recent reportm
of bistability associated with reflection at a nonlinear medium boundary for incident angles close
to the critical angle, This is closely related to optical propagation in semiconductor waveguides

and should lead to additional types of integrated optical bistable devices,

= 2
n=ng+ an

2 3

MIRROR REFLECTIVITY R

(a)

Fig. I[I-7. Bistable optical devices:
(a) Fabry-Perot resonator filled

COUPLER with a nonlinear optical material,
{b) integrated optical analog of (a},
w (c) three-port integrated optical
device.
I, I,
(»)
LASER BEAM
LENS
I, I,
(e)

A variety of mechanisms give rise to the nonlinear dielectric response of a semiconductor.
Intrinsic properties include:

(1) Valence electronic backgrounds,
(2) Carrier nonparabolicity effects,
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(3) Optical carrier generation effects, and

(4) Optical redistribution of mobile carriers,

The first two processes do not involve changing the distribution of carriers in the semiconductor
and thus respond at all frequencies up to optical transition frequencies of 10“ to 10‘5 Hz, Pro-
cesses (3) and (4) involve carrier redistribution and are therefore limited by the relaxation

of these carriers back to their equilibrium distributions., This time scale may vary from
~10-“ sec for electron LLO phonon relaxation to ~10'7 sec for radiative recombination in narrow-
gap semiconductors. Another major advantage of the first two processes is that they do not
involve, to first order, any optical absorption and hence any energy deposition in the semicon-
ductor. Carrier redistribution processes, in contrast, depend on optical absorption and, if they
are to be sufficiently fast, on the carriers giving up that energy to the lattice with consequent

heating problems.

t. Valence Electronic Background

Here we consider the contribution from an intrinsic semiconductor at T = 0, i.e,, a filled
valence band and an empty conduction band, Jha and Bloembergen“ have calculated the third-
order susceptibilities for a number of common semiconductors. Their results, which are
approximate and do not treat the effects of resonance enhancement for near-bandgap radiation,

are reproduced in Table I, Since contributions from the entire Brillouin zone are included,

TABLE |
CALCULATED VALENCE BAND CONTRIBUTIONS,TO ny
(After Jha and Bloembergené)

ny = @n/n)x ]"ﬂ (esu)

% !
: 1 Ge -5.5 % 1071°
. i -5.0 x 107"
-9
. InSb ~8.0 ¥ 10
3 GaAs ~1.0 x 10710

resonance effects should be less important for the valence band susceptibility than for the zone-
center free-carrier contributions to the third-order susceptibility discussed below, The nota-
tion used in the table and throughout the text follows the usual convention:

; 2 :
n=n_ +n,E (II- 1)

where the electric field is given by E = ((el‘"t + e-u'ﬂ)

- 2, Carrier Nonparabolicity |

Because of the nonparabolic band structure of II[-V compounds, mobile carriers respond
anharmonically to harmonic driving forces and thus present a nonlinear susceptibility. In addition
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to this effect, optical absorption by mobile carriers changes their linear susceptibility and thus

represents a nonlinear response; this is discussed in Section 4. For the present, these separate
analyses may be used to estimate the importance of various effects. A detailed theory which
includes all of the effects simultaneously will ultimately be required. Patel ¢t gl.” first mea-
sured the free-carrier contribution to the susceptibility by frequency mixing experiments be-

tween two C()Z lasers. They found nz's of 4 X 10'9esu([nSb-, Ne = 6 X 10‘6cm'3)and 4 x 10'“ esu

(GaAs;N_ = 1.5 x 101 cm ™),
The nonlinear susceptibility for this process may be evaluated uring the general expressions
given in Ref, 13, The calculation involves three virtual interband transitions, and the n, is highly

resonant for near bandgap radiation. The result is

2N et e+ Y3
n, = (—2—) (EE—ar] - (- 2)
nome(gw ((g - (hw) ]

This equation has been written as the product of the single-band-model n, (Ref. 14) and a reso-
nance enhancement factor, which is only applicable for ¢ << g~ fw. More detailed calculations

are necessary for higher concentrations or nearer resonance conditions,

3, Optical Casrrier Generation Effects

Carriers generated by near bandgap radiation modify both the real and imaginary parts of
the dielectric response. A k < p model calculation of the real part of the linear susceptibility
for an input frequency below a I[II-V semiconductor direct gap « ¢ has been carried out. For a
Fermi energy ¢ F << tg = hw, the result is

ZnNeez ¢ 2

_ g
an =~ . (II-3)
2 2 2
nymew” g = (hw)

The generated carrier concentration N, is given by the rate equation

dN N ol (11-4)

where T is the carrier recombination time, « the absorption constant (due to impurity levels
and band tailing), and I the light intensity., For times long compared with T the steady-state
solution to Eq. (1I-4) may be used in (I[-3); the result for the nonlinear index of refraction, again

for (F( eg—hw, is

aez'r C [ e
M=~ 3r 2 £ ] (11-5)
1hw m, e {(fw)

4, Carrier Redistribution Effects

Similar effects result when existing carriers are redistributed within che conduction or va-

lence bands by free-carrier absorption processes, Far from resonance, the free-carrier
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contribution to the semiconductor dielectric response is

2
47N. e
2 _ 2 ¥ i
n“=n— ) ———— (II- 6)
i myw

where the summation runs over the conduction and valence bands, Resonance effects enhance
this contribution for hiw £ ¢g. For n-type material, conduction band nonparabolicity and inter-
valley transitions are mechanisms which give an energy-dependent effective mass. For p-type
III-V compounds, heavy-to-light hole transitions provide a potential nonlinearity, While the de-
tailed kinetics are not well known for all of these processes, they are thought to relax on the
electron-L.O phonon scattering time scale of 1 to 10 psec. The calculations are similar to those
given in Section 3 and only results are quoted here: for light-hole-heavy-hole transitions

eZ(rTC (gz i 1
"2 77 4‘Ylw‘5 il_ (ﬁw)z (m—l B Tn—h) ' e
for conduction electron nonparabolicity
n. = eza-rc (gz (II'S)
2 Bmeeng cgz - (fm.»)Z
and for intervalley transitions
2 € 2
S )

g

The carrier generation process for GaAs (and for InP)is limited by recombination processes
to switching speeds of ~1 nsec, This speed may be enhanced, with a proportionate decrease in
n,, by doping with deep-level impurities or by surface recombination processes. In this case
the limiting intensity is set by damage thresholds and is typically 108 W/cmZ for 100-nsec pulses
and will be even higher for short pulses. Thus, switches at about 1 um using carrier generation
in GaAs or InP with switching speeds of 50 to 100 psec appear feasible. For devices which em-
ploy the nonparabolicity mechanism, multiphoton absorption sets an intensity limitation of approx-
imately 108 W/cmz.

Table II presents a compilation of the results of these calculations. A resonance enhance-
ment of 10 for the linear susceptibilities and of 103 for the third-order susceptibility was used
in the calculation.

The results presented here are preliminary, idealized calculations. Effects such as carrier
generation and carrier heating both occur at the same time and tend to cancel each other, Fur-
ther calculations and experiments are necessary to fully evaluate these nonlinear processes,

S. R. J. Brueck

C. FIELD OPERATION OF A SUBMILLIMETER HETERODYNE RADIOMETER

A number of modifications made on the quasi-optical corner reflector mixer have resulted
in an improvement of about a factor of 3 in the system noise temperature, With a specially de-
signed network matching the diode to the IF circuit and a low-noise FET amplifier, the best

17
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TABLE It

CALCULATED NONLINEAR COEFFICIENTS

Material I" I
Limiting Speed 2
Mechanism Material (psec) (esu)
-10
Valence Background GaAs <0.,001 1.0 ~ 10
InSb <0.001 8.0 ~ 1077
. 16 =11
Conduction Electron GaAs (Ne =1 x107) <0.001 1.0 » 10
Nonparabolicity
nse (N, = 1 x 10') <0.001 9.0 » 1077
Carrier Generation GaAs 1,000 4.0 10-8
InSb 10,000 4.0 » 107°
Carrier Heating
(@) intervalley GoAs 10 2.0 » 10-]0
() nonparabolicity GoAs 10 1.0 » 1010
InSb 10 1.5 » 1077
{c) hole transitions GaAs 10 1.0 ~ 10-‘0
nSh 10 3.0 x 107
SPEfT‘Y“ER 10T14-#-01
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SYSLem noise temperature Ts measured at 433 wm was 2900 R (DSH). The mixer nulse tempera-

ture Iy ois 2300 K, and the DSH conversion loss l.(' 15 9.1 dB,

M
The radiometer/receiver was developed for possible short-range submillinneter radar
lmaging, remote sensing of atmospheric constituents, and plasma dupnostics,  After initial
laboratory simulation experiments, the system wuas also considered for radiometric space sur-
vetllance of missie plunes, Now, with the umprovement in sy sten noisce temperature by o
factor of 3, the required intepration time for a piven signal to noise in our radiometric measure-
nients has been reduced by a factor of 9, This has made pround-based, high-presolution subnl -
limeter radio astronomy possible with reasonable intepration times,  Consequently, o ficld
experinrent was undertaken involving the detection of molecular cmission fron interstellar douds,
The radiometer was used with NSE support and in collaboration with NASV Goddura and the
Five Collepe Rudio Obscervatory, University of Mussuchusetts, Vimherst, ot the < 00 NAS A Infra-
red Telescope Facility on 14,0001 Mauna Kea, Hawail, VMeasurements of CO o the toleoalae
cloud Orion at 691 Gllz were carried out using an optically poniped far-H lascr locad osoil-
lator, FEmission at these wavelengths could also be observed from Venus and the sun, therebn
demonstrating the feasibility of future measurements of planctary attospheric constituents,
Figure [I-8 shows the experimental setup, and Fig, [1-9 shows the 6 <45 spectral e of (O
in Orion, The intensity (i.e,, the corrected radiometric temperature) of this transition when
compared with the previously measured J = 3 =2 emission, supports the interpretation that the
broad CO feature is optically thin {- 0,5) and that it is produced in a hot region whose excitation

temperature is greater than 180 K.
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é 150
Fig. I[-9. The trace of CO emission & .
from Orion shows a full width at half § ..
maximum of 26 km s~ ', The ordi- ¥ ,,,
nate is antenna temperature corrected ¢ _
for atmospheric extinction and a for- 2
N s w29
ward beam coupling efficiency of 0.36, o
<
-20 -0 o 0 U L& ag
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These initial observations demonstrate that the submillimeter radiometer system can be
successfully fielded and opens up the new area of high-resolution ground-based submillimeter
astronomy, A more complete description of the instrumentation, observations and results will

appear elsewhere. H. R. Fetterman D.D. Peck

B. J. Clifton P. E. Tannenwald

* G, A. Koepf, D. Buhl, and N. McAvoy, NASA/Goddard; P.F. Goldsmith and N. R, Erickson,
University of Massachusetts,
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1. MATERIALS RESEARCH

A, CRYSTAL GROWTH OF InP BY THE LEC TECHNIQUE

We have been using the liquid-encapsulated Czochralski (LLEC) technique for the growth of
InP single crystals needed to supply substrates for research on optoelectronic devices. Boules
of InP grown by this technique have a st-ong tendency to twin, due to the very low stacking fault
energy of Inp’ (Ref. 1), Since twinning is generally followed by polycrystalline growth, the yield
of useful crystals will be extremely small unless twinning can be prevented, We have therefore
developed a standard growth procedure that minimizes the probability of twinning but does not
result in excessive dislocation densities,  For most impurity dopants, this procedure gives a
high vield of boules that are twin-free over most of their length,

The 1.EC growth is carried out in a high-pressure crystal puller with water-cooled walls,
A diavram of the assembly used for our standard growth procedure is shown in Fig. I1I-1. The
seed 13 a (111)-oriented crystal that is mounted with the PP face down on a BN holder attached
to u water-cooled pulling rod. A pyvrolytic BN crucible is loaded with a charge of polycrystalline

Int? weiching 300 g, the desired weight of dopant (if any), and a charee of B,0, encapsulant that

3
is pre-baked in vacuum to reduce its water content. The crucible is placed in @ high-purity
praphite susceptor, which is heated by miecans of an RE coil operated at 200 1o 400 kHz, The RF
power is monitored with a pickup coil, and the relative temperature of the susceptor is monitored

by measuring the infrared emission from the susceptor that is transmitted through a fused-silica

JELIEEN

SicCA LONVECTON SHIELD

Bh SEEL MOLDER

GROWING CRYSTAL

273 PBN CRUCIBLE
GRAPHITE SUSCEPTOR
rFoMELT
o SILICA RADIAT'ON SHIELDS
RFCOL

CERAMIC SPACER "N Mo HADIATION SHIELDS 1

INFRARED (1T PRF

Fig, Hi-t,  Assembly for 1LEC growth of Inp crystals,




TABLE -1

YIELD OF "UNTWINNED" InP BOULES
OBTAINED BY STANDARD LEC GROWTH PROCEDURE

Number Percentage of
Dopant of Runs "Untwinned" Boules
None 4 100
Cd 4 75
Sn 4 100
Fe 9 78
Zn <1« 108 em”3 3 100
s <1 108em 5 80
All of the above 29 86
Zn 31 > 1083 26 19
s 31 - 108w 2 0
TABLE 111-2
LEC GROWTH PARAMETERS THAT AFFECT TWINNING
Change in Parameter
Growth Parameter That Reduces Twinning
Crucible Height Decrease
820:3 Thickness Decrease
Heat Sinking of Seed Increase
RF Coil Position Relative Lower
to Crucible
Susceptor Height Increcse
Total Gos Pressure Increase
Rotio of He Pressure Increase
to Ar Pressure
Pull Rate Increase
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light pipe,  Fused-silica and Mo radiation shields are uscd to shape the terperature profile und

to Keep the RE coll and the walls of the pressure chamber from overheatin,, «hile a fused-silics
convection shield resting on the crucible is used to reduce the convection currents in the high-
pressure gas surrounding the growing crystal, The gas is a mixture of high-purity Vi-and He,
Our standard LLEC procedure has been used for 57 growth runs. The results obtuined arce
summarized in Table III-1, which lists the number of runs made with each dopant and the pe: -
centape of these runs that yielded "untwinned" boules (including boules in which twinning occurred
only near the lower end), A total of 29 growth runs using the standard procedure have been
made either without intentional doping, with dopants other than Zn or S, or with Zn or S at con-

) 18 - .
centrations below 1 x 1077 ¢m 3. These runs produced 25 untwinned boules, for an excellent

overall yield of 86 percent, In striking contrast, for the 26 runs with Zn doping of 1 » 1018 ¢ Ih-3
or higher the yield was only 19 percent. Since the probability of twinning increases as the stack-
ing fault eneray decreases, the results suggest that Zn doping of InP decreases the stucking

fault energy, as has been reported for Sn doping of GaAs (Ref. 2).

There may also be a relationship between the increase in twinning due to heavy Zn doping
and the observation by Seki, Watanabe, and Matsui3 that doping with Zn at concentrations in the
low 1018 L‘I]]_B range permits dislocation-free InP crystals to be grown by the LLEC method even
at high interface temperature gradients, If there is such a relationship, heavy S doping might
be expected to increase the probability of twinning, since Seki gﬂ} also observed such doping
to permit the growth of dislocation-free crystals. Thus, it may be significant that twinned boules
were obtained in both of the runs made with our standard procedure in which the S doping ex-
ceeded 1 x 108 cm ™3,

In developing the standard procedure, we made a systematic investigation of the effect of
changes in the growth parameters on the probability of twinning, Table III-2 lists the parameters
studied and the direction of the change in each parameter that was found to decrease the inci-
dence of twinning., In every case, a change of the parameter in the direction listed is expected
to cause an increase in temperature gradient at the crystal-melt interface, (We have not vet
attempted to make any temperature gradient measurements.) For example, decreasing the cru-
cible height increases the gradient by reducing the after-heater effect of the crucible walls that
extend above the melt, In a detailed study of the LEC growth of GaP crystals, .\';,';gren~1 also
found that the probability of twinning was reduced by decreasing the crucible height, and he too
attributed this effect to an increase in the temperature gradient, We conclude that one essential
requirement for twin-free growth of InP crystals by the [.LEC method is that the temperature
gradient must exceed some minimum value,

The results given in Table III-1 indicate that Zn doping above 1 % 1018 Cm-3 significantly
increases the minimum temperature gradient required for twin-free growth, We have therefore
carried out several runs with heavy Zn doping in which the growth parameters were changed in
the direction expected to increase the gradient, Untwinned crystals were obtained in the two
most recent runs,

To provide substrates with controlled electrical properties for device studies, InP crystals
must not only be appropriately doped but also have an acceptably low concentration of residual
impurities. We have monitored this concentration by periodically growing crystals without in-
tentional doping and characterizing them by means of Hall coefficient and resistivity measure-
ments, Table [I[-3 gives the resuits for the three most recent undoped crystals and the corre-

sponding polycrystalline charges. All the samples are n-type. For the crystals, at 77 K the




TABLE 11-3
ELECTRICAL PROPERTIES OF NOMINALLY UNDOPED InP CRYSTALS
Starting Charge i LEC Crystal
ﬁ:}:::r n77(cm-3) p77(cm2\/—‘sec-‘) n77(cm-3) p77(cm2V-]sec-])
268 1.2 < 10" 8.2 < 10° 2.8 - 10 41 - 10t
280 1.0 x 10" 3.9 < 10° 3.0 < 10 3.5 < 10
294 | 8.1 % 10" 7.2 < 10° 4.0 - 107 3.4 - 10°

carrier concentrations range from 2.8 to 4.0 x 1015 em 3, and the mobilities fron .1 to 5,4
104 cmzv_lsec—i. In cach case, the carrier concentration is significantly hicher and the nobnl-
ity significantly lower for the crystal than for the starting charge, Two pussible sources for

the additional impurities are the B,0, encapsulant and the grain boundaries of the charee o
terial. The impurity concentrations in the undoped crystals are too low for relinble russ spe
trographic analysis, However, we do have evidence from proton-induced x-ray tnalyvsis thot

one batch of BZ()S contained about 100 ppmua of “n., MNass spectrographic anulysis showed that
Fe-doped crystals grown with this material as encapsulant were contuminated with o at levels

in the 1015 vm-3 range, sufficient to make the crystals p-type instead of semi-insulating,  We
have recently grown a number of Fe-doped crystals in runs using uncontaminated ]-121 )3. The
residual impurity concentrations in these crystals must be quite low, since the ervstuls are <ena-
insulating although the charge doping was only 0.01 weight percent Feo The low reswdual -
purity concentrations are also evidenced by the fact that the mobilities at 300 K are all between
3.5 and 4,6 % 103 cn1ZV'_1se(" 1. The latter is the hizhest value so far reported for sena-
insulating Fe-doped InP, Gow. Iseler

B. PHASE DIAGRAM FOR LPE GROWTH OF GalnAspP [LAYERS

LATTICE-MATCHED TO InP SUBSTRATES

Optimum performance of optoelectronic devices incorporating Galn AsP/InP heterostructures
requires that the GalnAsP layers be closely lattice-matched to InP, \lthough many workers
have prepared lattice-matched alloy layvers by liquid-phase epitaxial (LLPE) crowth, no conmpre-
hensive phase diagram has been published for the In-rich corner of the GalnAsP svstem, This
report presents such a diagram, which gives liquidus and solidus isotherms for the crowth of
lattice-matched GaInAsP allovs on beth (100) and (111)B InP substrates at temperatures from
570 to 650°C and over the whole solid composition range from InP itself to the Jimitine P-{ree

0.47M0,53
deposition of GalnAsP alloys at temperatures in the range used for practical LPF growth —

ternary composition, Ga As., These isotherms reflect a general characteristic of the
namely, that the alloy composition obtained by growth from u given liquid at a given temperature
depends on the substrate orientation.

In making the phase diagram measurements, we used a horizontal graphite slider boat that
was heated under flowing H, gas in a transparent furnace, which permitted the liquidus tempera-

tures to be determined by the direct observation method,” Accurately weighed quantities of In,

24




s e e e

InP, InAs, and GaAs in the proportions necessuary to obtain the desired liguid composition were

placed in the solution well of the boat, and an oriented, polished, and etched [nP wafer was

placed in the substrate well, The boat was heated to a temperature high enough for the solids

in the solution well to become completely molten, then cooled until some solid was formed,

Next the temperature was slowly raised in small increments until the last solid just dissolved. i

The temperature of final dissolution was taken as the liquidus temperature. ‘;
The solidus composition was found by determining the composition of an alloy layer obtained

by LLPE growth from the molten solution, The boat was cooled to about 5°C below the liquidus

temperature, after which the supercooled solution was pushed over the substrate, allowed to

remain in contact long enough for growth of a layer 2 to 5 wm thick, and then pushed off the sub-
strate, The composition of the layer was determined by electron microprobe analysis, and the

lattice vonstant was found by x-ray diffractometer measurement. The liquidus temperature and

solidus composition data were used in constructing the phase diagram only if the measured lattice

mismatch between the layer and the InP substrate did not exceed 0.1 percent. The composition

A Rt A el i

of the LPE layers depends on the amount of supercooling used, but the change in composition due

to supercooling by 5°C does not exceed the uncertainty in the microprobe analysis,

The phase diagram data for the lattice-matched GalnAsP alloys are plotted in Figs, I1I-2

through I1I-5. These include the liquidus data we reported previously for InP (Ref, 6) and for
630.47m0.53AS (Ref. 7). Figure III-2 shows the compositions of the liquids that yield lattice-
matched alloys by growth on {100) InP substrates at four different temperatures: 570, 600, 625, :
and 647°C. In order to specify these liquid compositions, it is necessary to specify the content !
of three of the four elemental components, Therefore the results for each temperature are rep- :

resented by two isotherms, which give the P content of the liquid (Pl) and the Ga content of the
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liguid (Gal), respectively, as functions of the As content of the liquid (Asl). These isotherms

have been drawn through our data points for Pl and Gal, which are represented in Fig. III-2 by
the open and closed geometrical symbols, respectively., The P! and Gal data of other authors
are represented in the same figure by letters and underlined letters, respectively (F, Feng
et g.s'c’; N, Nagai and Noguchiio; 0, Oe and Sugiyama“).

Each of the Pl isotherms in Fig. III-2 is terminated at the ordinate axis by the In-rich lig-
uidus composition from the InP phase diagram at the isotherm temperature. Each of the Ga‘
isotherms is terminated at the upper end by a point giving the composition of the P-free ternary
liquid that yields GaO.MInO.53

to the ternary limit of the diagram, the liquidus temperature changes quite slowly with chang-

As by growth at the isotherm temperature. For the region close

ing (‘.a‘.

Figure [I[-3 shows the liquidus data for the growth of lattice-matched GalnAsP alloys on
(111)B InP substrates at the same four temperatures shown for (100) growth in Fig, [II-2. The
symbols x and +, respectively, represent the Gal and P! data of Perea and Fonst.ad12 obtained
near 621°C, which are in excellent agreement with our results., Comparison of the two figures

shows that for a given Asl and growth temperature the liquid yielding lattice-matched growth
¥ on (111)B substrates has a higher (_;al and lower PI than the liquid yielding such growth on (100)
substrates.

Figure III-4 shows the relationship between the liquidus and solidus compositions for growth
of lattice-matched GalnAsP alloys on (100) substrates at the four temperatures. For each tem-
perature, this relationship is given by an isotherm obtained by simply plotting Gal against the
Ga content in the solid (Gas). This representation is possible because for a given growth tem-
perature the liquidus composition is fixed by specifying Gal and using the two liquidus isotherms

for that temperature shown in Fig, [II-2, while the composition of a lattice-matched alloy is com-
pletely fixed by specifying the content of any one of the four elements. Each isotherm is termi-
nated at the upper end by the point giving Gal for the liquid that yields Gao.“InO E.>3As.
Figure III-5 shows the four isotherms relating Gal and Ga® for lattice-matciled growth on
' (111)B substrates. For a given Gal, the composition of the solid is quite insensitive to growth
temperature, The dot-dashed and dashed lines are the 600 and 650°C isotherms calculated by

Perea and Fonstad.12

The calculation shows a larger temperature dependence than our experi-
mental results, although the 621°C data points obtained by these authors (shown by the open i
triangles in the figure) are in good agreement with our experimental results. Comparison of }
Figs. III-4 and [II-5 shows that for a given Gal and growth temperature the values of Ga® and the
Ga distribution coefficient (Gas/Ga!) are always higher for (100) growth than for (111)B growth,
but the differences decrease with increasing temperature, This decrease in orientation depen-
dence with increasing temperature is not surprising, since the dependence presumably results
from the attachment kinetics at the growth interface or from a difference in surface energy,
which becomes smaller compared to the thermal energy as the temperature increases.

J. J. Hsieh

C. VAPOR-PHASE EPITAXY OF GalnAsP ALLOYS ON InP SUBSTRATES

Several groups have reported vapor-phase epitaxial (VPE) growth of GalnAsP alloys on InP

substrates by the hydride method, which uses PH3 and AsII3 as the sources of the Group V ele-

ments.l 3-16 Here we describe the VPE growth of these alloys by the trichloride method, which




uses PCI3 and AsCl3 as the sources of these elements,

The motivation for employing the tri-
chloride method is that GaAs and InP layers of very high purity have been prepared by this
technique,

The sequence of basic reactions for growing III-V compounds by the trichloride method is
illustrated by the following ideal equations for InP growth:

41"’C13+6H2 —~P, + 12 HCl1 (I1I-1)

T
h
P,+4HCl+4InP =~ 4InCl+2P, +2H .
4 T 4 2
)

(III-2)

First, a Group V trichloride reacts with H, at high temperature, yielding a gaseous mixture of
the Group V element and HC1.
temperature to produce a gaseous mixture of the Group III monochloride, the Group V element,
and H,.
the III-V compound on the substrate,

Next, this mixture reacts with a III-V compound source at high
Finally, the second reaction is reversed at a lower temperature, causing deposition of

In extending the trichloride method to the VPE growth of the GalnAsP alloys, we can regard
the deposition of an alloy as the deposition of a mixture of GaAs, InP, and InAs. Any alloy com-
position can be obtained by adjusting the relative amounts of the three compounds that are de-

posited on the substrate, as shown by the following equation:

(1-x) GaAs +y InP + (x-y) InAs = Gai_xInxAs P . (ILI- 3)

1-y'y
For example, these amounts are as follows for an alloy that is approximately lattice-matched

to InP and has its absorption edge at 1,3 um:

GaAs — 0,2
InP -0.5 Gao2 ()SAS 05 .
InAs — 0.3

Controlling the composition deposited requires control of the composition of the gas mixture
that passes over the substrate. The reactor that we use for VPE growth of GalnAsP alloys on

InP substrates is designed to permit such control. Figure III-6 shows a schematic diagram of
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Fig. III-6, Schematic diagram of reactor and temperature profile
for VPE growth of GalnAsP by trichloride transport.
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this reactor, together with a representative temperature profile. The reactor uses three com-
pound sources — InP, InAs, and GaAs — each in a separate tube, Each source is reacted with a
gas mixture containing the same Group V element, which is obtained by reacting H, with either
PC13 or AsC13. The three gas streams obtained by reaction with the compound sources are com-
bined in a high-temperature mixing chamber and then passed over the substrate, which can be
inserted and removed while the reactor is at operating temperature. The composition of the
combined gas stream is controlled by independently controlling the temperature and therefore
partial pressure of the three trichloride reservoirs, the HZ flow rate over each reservoir and

its associated compound source, and the temperatures of the three sources,

Ideally, the growth conditions required for VPE growth of a particular alloy composition
would be determined by the equilibria for the basic reactions of Eqs. (III-1) and (III-2). For de-
position to occur, the partial pressures of the components of the vapor phase above the substrate
must exceed the values in equilibrium with the alloy at the substrate temperature, For the
Gao-?_l.no.epo.SAsO‘5 alloy, these pressures are in the order InCl > Py> GaCl > As (Refs, 17-19).
In practice, the growth conditions are also influenced by a number of other factors, including
the degree of completeness of the reactions between the three compound sources and the gas mix-
tures passing over them, changes in the composition of the final gas stream due to alloy deposi-
tion in the region of decreasing temperature between the mixing chamber and the substrate, and
etching of the alloy layer by the free HCI in the final gas stream. These factors may change
from run to run, reducing the reproducibility of the epilayer composition.

Under the experimental conditions used in this investigation, epilayer growth rates have
generally been in the range of 1 to 3 um/hr, The grown layers have been between 2 and 5 um
thick, Table III-4 gives the results of electrical measurements on four alloy layers with energy
gaps of about 1 eV, as determined by photoluminescence measurements at room temperature,
For the first layer, the resistance was too high to permit the Hall coefficient to be determined.
The other three layers are n-type, with carrier concentrations at 300 K between 2.7 and 5.6 X
10*® ¢m™3 and mobilities at 77 K of 5300 to 5800 em?v isect, Figure III-7 presents photomi-
crographs showing the surface morphology of three alloy layers and an InP layer grown in the
same reactor, All four layers were grown on (100) InP substrates. The lattice mismatch values

TABLE [li-4
PROPERTIES OF GalnAsP EPILAYERS
Carrier Hall
Lattice Mismatch Concentration Mobility
Aa/a (10]6 cm_3) (103cm2V-lsec-])
Thickness ° Energy Gap

(jm) (percent) (eV) 300 K 77 K 300 K 77 K
2.0 -0.16 1.10 - - - -
2.0 -0.22 1,02 2.7 1.7 3.0 5.3
3.0 +0, 31 0,99 5.6 4,5 3.5 5.8
4.0 +0,35 0.90 3.0 2,1 3.3 5.6
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Fig. [lI-7, Photomicrographs of three GalnAsP layers and an InP
layer grown on (100) InP substrates.

for the alloy layers are 0,32, —0,22, and —0.16 percent, where a positive value indicates that
the lattice constant is larger for the layer than for the substrate.

We believe that our results demoastrate the feasibility of using the trichloride method for
VPE growth of GalnAsP layers on InP substrates. Further development would be required to
achieve the purity and degree of composition control needed for device applications,

P. Vohl

D. HETEROEPITAXY OF Get-xSix ON Si BY TRANSIENT HEATING

OF Ge-COATED Si SUBSTRATES

We recently reported 20 the fabrication of high-performance GaAs solar cells (with efficien-
cies over 20% at AMI) that utilize GaAs epilayers only 4 um thick grown by chemical vapor de-
position (CVD) on single-crystal Ge substrates, If such thin-film cells could be fabricated on
Si substrates, they could be produced at much lower cost than conventional GaAs cells. However,
attempts to prepare high-quality GaAs films by CVD growth directly on Si substrates have not
been successful, primarily because the lattice constant of Si is about 4% smaller than that of
GaAs, whereas Ge is closely lattice-matched to GaAs.

A possible solution to the problem of GaAs/Si lattice mismatch is suggested21 by the fact
that Si and Ge are completely miscible in the solid state, forming alloys whose lattice constants
vary continuously with composition., If a Si substrate were covered with a heteroepitaxial
Gei—xSix alloy film that was graded in composition from Si-rich at the substrate interface to
Ge-rich at the front surface, the stress due to lattice mismatch might be relieved sufficiently
to permit a GaAs epilayer of satisfactory crystal quality to be grown, In this report we describe
the formation of heteroepitaxial Gei-xSix films of good quality by transient heating of Ge-coated

Si substrates with a graphite strip heater, Heteroepitaxial Ge films on Si obtained by pulsed
23,24

electron-beam?'2 or laser

heating were found to contain rather high defect concentrations.
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To prepare samples for transient heating, electron-beam evaporation or RF sputtering was
used to deposit a Ge or Ge-Si film about 0.25 um thick on the polished surfac« <f commercial
(100) Si wafers. The wafers were cleaned by conventional procedures and rinsed with dilute HF
just before loading into the deposition system. The As-deposited films were amorphous; the
concentration of oxygen at the film-substrate interface was below the detection limit of Auger
spectroscopy. The coated wafers were cut into individual samples with dimensions of about
0.05x 1 x2cm,

The heating element was a graphite strip with dimensions of 0,4 X 6 x 10 cm., The ambient
was high-purity Ar. The sample was placed at the center of the strip, usually with the Ge-coated
side facing up so that the effects of heating could be observed visually. A chromel-alumel ther-
mocouple imbedded in the strip was used to monitor the temperature. In a typical run, the tem-
max) of 1000 to 1100°C in about 30 sec by passing
an AC current of up to 350 A through the heater strip, then lowered to room temperature at a
rate of 5 to 10°C/sec,

The techniques primarily used for film characterization were reflection high-energy elec-

perature was raised to a maximum value (T

tron diffraction (RHEED) and x-ray diffraction. These techniques showed that if the value of
Tmax reached during heating was about 1000°C or higher the films were basically epitaxial with
their single-crystal Si substrates, although regions twinned on {111} planes were present in

most of the films. A few experiments with Tm X of 800 to 900°C yielded polycrystalline films.

The results obtained were similar whether the :amples had been heated with the Ge-coated sur-
face facing up or in contact with the graphite strip,

In order to determine the microtwin density in the GexSii_x films, x-ray diffraction data
were collected for the (311) planes. The upper trace of Fig, III-8 is a diffraction pattern showing

the (311) peaks for the substrate and the epitaxial film obtained by a Bragg angle scan made on
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a heat-treated sample, By comparing the sample orientations required to maximize each of
these peaks, it was found that the difference in orientation between the film and substrate is less
than 0.5°. From the dependence of lattice constant on composition for the Gei-xSix alloys,25 the
lattice constant obtained from the angular position of the peak for the film corresponds to a com-
position of GeO.SSiO.Z‘ According to the phase diagram for the Ge-Si system,26 the solidus tem-
perature for this composition is 980°C, close to the value of 1000°C for T that was reached

max
in heat-treating the sample, Similar agreement has been found between the values of T used

in other heating runs and the solidus temperatures for the Ge, _ Si, compositions obtainx:;x For
several heat-treated samples, Auger electron spectroscopy has been used to measure the
Gei—xSix composition as a function of depth., In each case, there was an essentially uniform
region adjacent to the surface for which the measured composition was close to the value deter-
mined from the x-ray diffraction data, Below this, the Ge content gradually decreased to zero
over a distance of about 1/3 to 1/2 the total thickness of the film.

After making an angle scan with the sample oriented to maximize the (311) peak for the epi-
taxial regions of the film (in Fig. IlI-8, the upper trace), the sample was tilted by 20° toward a
{111} plane in order to maximize the (311) peak for the twinned regions. The angle scan was
then repeated. The lower trace in Fig,III-8 was obtained in this manner. The (311) peak
appears in this trace at the same angular position as in the upper trace, since the alloy composi-
tion is the same for the twinned and epitaxial regions, but the intensity is almost two orders of
magnitude lower. (There is no peak at the angular position for Si, since the substrate was un- ]
twinned,) The ratio of the (311) peak intensities for the twinned and epitaxial regions, which we
call the twin index (TI), is a measure of the microtwin density, Our detection limit for TI is
about 2 x 10'4, corresponding to a value of about 6 X 10" for the volume fraction of twins.

In Fig, II[-9, the TI values for a number of Gei-xSix films are plotted against the values of

x determined by x-ray diffraction, The data were obtained for samples cut from four different
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Si wafers, two initially coated with Ge by e-beam evaporation and the other two coated with sput-
tered Ge-Si containing about 10 a/o Si. Films with different values of x were obtained by using
different values of Thax in the heating runs, Two major trends are apparent in Fig, I1I-9, The
TI values are much lower for samples that were initially coated with evaporated films than for
those with sputtered films. The relatively poor quality of the samples with sputtered films may
be due to interference with the crystallization process by Ar gas trapped in these films during
deposition. Such interference has been reported pr-eviously.Z Second, for samples from the
same wafer the value of Tl decreases as x increases, as might be expected because of the de-
crease in lattice mismatch between the Gei-xSix film and the Si substrate with increasing x.
For the best of the evaporated samples, with x = 0,43, the value of TI was below our limit of
detection.

Rutherford backscattering in the channeling mode has also been used to characterize several
of the Gey_,Si_ films obtained by heating samples coated with evaporated Ge films, In all cases,
the channeling yield was consistent with the epitaxial character of the films. The data obtained
so far indicate a correlation between channeling yield and Ti. For the best sample, the chan-
neling yield was only 6 percent, for scattering from a level close to the front surface of the
film, compared with the theoretical value of about 3 percent for a perfect Ge crystal. The per-
centage increased to 30 percent at the film/substrate interface. These results are somewhat

3.24 Examination

better than the best reported for films prepared by pulsed~-beam annealing.2
of our films by optical and transmission electron microscopy have not revealed the cellular
structure reported in Ref. 24,

Since we have succeeded in obtaining Ge’._xSix heteroepitaxial films of good quality by tran-
sient heating, we are now using these films as substrates for the CVD growth of GaAs layers.
The initial GaAs layers are also of good epitaxial quality, with channeling yields as low as 7 per-
cent, At this time we see no serious obstacles to the fabrication of high-efficiency GaAs solar
cells using the GaAs/Gei_xSix/Si structure.

J.C.C. Fan F, M. Davis
R. P, Gale G. H. Foley

E. LIQUIDUS ISOTHERMS, SOLIDUS LINES, AND LPE GROWTH IN THE

Te-RICH CORNER OF THE Hg-Cd-Te SYSTEM

Liquidus igsotherms and solidus lines for the Hgi_xCdee primary phase field in the Te-rich
corner of the Hg-Cd-Te ternary system have been obtained for temperatures from 425 to 600°C.
These isotherms and lines were used to help establish conditions for the open-tube liquid phase
epitaxial (LPE) growth of Hgi_xCdee layers on CdTei_ Se_ substrates.

The curves of Fig. -9 of Ref. 28, along with some additional data which were obtained by
a modified direct observational technique (MDO), have been used to obtain liquidus isotherms
for the Te-rich corner of the Hg-Cd-Te ternary system at temperature intervals of 25°C between
425 and 600°C. These isotherms, which are plotted as solid lines in Fig. III-10, specify the com-
positions of (Hg‘_szz)i_yTey liquids that are in equilibrium with solid Hgi_xCdee. Each iso-
therm is a plot of the atomic fraction of Hg, (1-2) (1-y), as a function of the atomic fraction of
Cd, z(1-y), for these liquids at one of the selected temperatures. It is seen that at constant Hg
content the solubility of Cd increases with increasing liquidus temperature (Tl)° Also, for con-
stant TI the solubility of Cd has a maximum with respect to changes in the Hg content. The
dashed curves in Fig. I[I-10 are solidus lines, which are discussed below.
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poerature to form o quend hed ingot,

For cach vrowth run the L raphite boat was loaded by placie about 1,5 ¢ of tnate rial from
the quendched source meot in the NDest solution bin, o witer of CaTeSe (or CdTer i the soarce
well, and a swele crvstil wafer of CdTeSe (or CEPey conposition in the substrate woll,  The
hivhest quality TLPE livers were obtatned by prowth on (110D v o (1) B-orienten sabistrates,
No tmprovement in lover quality was aohicved by using Lottic e ooatched € ‘”"'1,\5‘ . ~ubstrates

instead of Cd'Pe substrates, The Joaded boat was placcd o the quarty prowth tube, us showe

Fie, T-11, and a flow of H ) trons a Pd o diffusion purificr was passed through the tube ana out of
the svstern through an oil bubbler, Jefore reaching the boat, the H ) strean flowed over o res-
ervoir of liguid He that was maintained throuchout the run ot o termperature that estabhisbied o
partial pressure of He vapor (less thun 1 atin) sutficient to presvent the loss of He fron the crowth
solution by evaporation,

The bouat wus heated 1n ~10 nman, fron roomn temperasture to an equiltbration ten poratar o of
~55%1 ', The source water was then pluced under the solution bin (the position show 1
Fig, fI1- 11), and the equilibration temperature Was taintained for a tine, tvpleslhy oo can, o fong
enotteh to insure formation of o homovencous crowth solution that wus saturated Uy Contact withs
the source,  The source wafer wus then moved uvay fron the solution bhin and coolinie Was e

gun, usually by shutting off the power to the furnac e,  Growth wos inttiacted by bringing the sub-

strate into contact with the solution ot temnperatures frou: 50 10 450°C, cor respotiding to sole-
tion supercooling of O to 100°C,  For the (11N and (1THE substrate orientations the Grounts
of supercooling were typically 10 and 25°C, respectively,  Depending on the crowth patuneters
and layer thickness desired, the substrate und solution were kept in contiact for crowth 1 es
from 15 sec to 10 min,, during which cooling was continued,  The decrcase o ton poratuee day -
ine these times was generally between 1 and 150, Growth was termanated by oving the sutb-
strate away from the solution bin and then moving the furnace away from the bout, causing vaprs
cooling to room temperature,  The prown lavers rance in thickness from sto 15 0

The alloy composition data obtained by electron microprobe analvsis of Heg (G T lavers

crown by §.PF from (g, ¢ Te,. solutions have been used to obtain solidus dita for the

.('7)17\

Te-rich corner of the He-Cd - Te stem,  For a nuniber of crowth rans, the soeasurea nole

fraction of CdTe, x, in the 1P laver is plotted iy Fig, - 12 eainst the atonac ratio of Co o
fle, 7/(1~7,b, in the crowth solution,  The solution composition was taken to be the sune as the
welighed-out composition for the guenched ingot used to load the solution bin, st e the He parnal
pressure was adjusted to prevent a change in solution composition during the run,

AL the points in Fig, TH-12 can be represented by o single carve, slthouch they were obtaine:
for luyvers grown at temperatures over the range from 450 10 550°C,  Furthernore, this hgndas-
solidus curve is in good agreement with the tie-lines for the pseudobinars He'Te-CodTe sy sl.-m,‘w
where v 0,5  The insensitivity of the liguidus-solidus curve to temperature mndicates that the

Te-rich liquids of interest for LLi’E growth an the He-Cd-Te svsten behave as nearly vecal

solutions,




By using the liquidus-solidus relationship given by the curve of Fig.1-3 (assumed to be

wdependent of tethperature) topether with the liquidus isotherms of Fig, [1I-10, solidus lines
hay e been obtuined for “L'l x4 dx'l‘n- alloys with CdTe mole fractions between 0 and 0,70, These
Lines are plotted as dashed lines in Fig, 11- 10, Fach intersection of one of these solidus lines
with a liquidus isotherm pives the composition of the liquid that is in equilibrium at the isotherm
temperature with solid Hgl_x(‘dx’l‘e having the x value specified for the solidus line, It is seen
from Fig, 111-10 that a very wide range of alloy compositions can be grown in the convenient LPE
prowth teniperature range of 425 to o0UC,

T, C. Harman
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Vo MICROELECTRONICOS

A, SPATIAL-PERIOD-DIVISION

We have recently developed a simple technique for exposing periodic and quasi-periodic
structures which should be especially attractive for spatial periods below 100 mn.’ Pl tedbe-
nique, which we call spatial-period-division, employs near-field diffraction fron perodic and
quasi-periodic parent masks to produce intensity patterns with spatial periods finer than the
parent mask. This phenomenon was observed long ago with visible light and has becn studied
by several rcscarrhcrs.z W\ hat is new in our work is its use in microlithography, especradlby o
conjunction with soft x-ray lithographv.

I'he theory of spatial-period-division will be discussed in a later publication. A simple
modcl1 predicts that a mask pattern of period p, with an opening or slit of width < p 2, will
give rise to an intensityv pattern of * eriod p ‘n at a distance from the mask, S 1:“)"1‘)\, W A
is the wavelength of the incident radiation and A p. A plot of the caleulated fielil intens=ite

vs distance from a parent mask of period p is shown in Fig.I\V-1, Note that the spatial-

I

frequency-multiples have a reasonable depth of field.  The intensity pattern shown was caleulate !
as a simple superposition of plane waves diffracted from the grating,

The model was confirmed at visible waselengths using a scaled sinulation of a laborator,
x-ray lithography unit. The feasibility of the technique was Jdemonstrated at the 3.5-00 catoo. b
x-ray wavelength bv "doubling" a 19¢.8-nm period grating-pattern x-rav mask to produc. o

98.4-nm period pattern in PMMA.  ixposure of higher spatial-irequenc v-n ultiples appears fo-

sible, especially with a synchrotron source, |If the mask introduces a phase shift such that

zero~-order diffracted beam is cancelled and if p 2A, only the second spatial-fregoenoy =l l

SEATIAL PERIQD Civ SION

Fig. IV-1. A three-dimensional plot of the calculated near-ficld diffraction
pattern of a "parent mask” of period p and slit width p 10 is shown.  T'he
} shaded sections of the plot show the intensity profile of the second, thivd,
fourth, and fifth spatial-frequency-multiples of the parent mask at therr
respective distances from the parent mask.
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will be present. This should enable quasi-periodic patterns such as variable-period gratings

and Fresnel zone plates to be "doubled."
Spatial-period-division provides a simple means of exposing large-area, low-distortion,
periodic structures. [t has several advantages over conventional holographic lithography.
Spatial periods below 100 nm are readily exposed. When used with soft x rays, back reflection
from substrates is avoided, thereby permitting high-aspect-ratio resist structures. And fi-
nally, the profile of the intensity pattern can be controlled by adjusting the slit width of the
parent mask. In principle, this technique can be extended down to the limit of microlithography,
which is believed to be about a 10-nm spatial period. However, fabrication of the parent mask
is a challenging task.

D. €. Flanders
A. M. Hawryluk

B. CHARGE-COUPLED DEVICES: SAW TIME-INTEGRATING CORRELATOR

WITH CCD READOUT

We have Earli61'3‘4 described a time-integrating correlator in which the multiplication and
integration of many samples of two wideband surface-acoustic wave (SAW) inputs take place in
a charge-coupled device (CCD). This report describes two fixed-pattern-noise-cancellation
schemes for improving the dynamic range of this device from 29 to 40 dB. One method uses a
secon¢ CCD chip as an analog delay line, and the other employs digital post-processing of the
CCD output.  Both of these schemes take advantage of the fact that the fixed-pattern noise is
time-invariant and signal-independent.

The first method of fixed-pattern-noise cancellation utilizes one of our SAW/CCD chips
assembled as an analog delay line for temporary storage of the fixed-pattern noise. This pat-
tern noise is subsequently subtracted from the active SAW/CCD output. The sequence of op-
eration for this cancellation scheme has the correlator output with signal plus noise (S + N)
stored in the analog delay line. Then the input signal is inverted by means of a balanced mixer
(a DPDT RF switch), and a second correlation is performed. This second output is inverted
to yield signal minus noise [~(N = 3) = (S = N)| and added to the previously stored signal plus
noise to produce the correlation {[(S + N) + (S = N} = 2S] shown in Fig.IV-2, This scheme pro-
vides an output in real time with the correlation output enhanced and the noise effectively
suppressed.

This cancellation scheme was used to improve device performance for the correlation of
20-MHz-bandwidth pseudorandom waveforms. Figure IV-3 shows the CCD output after integrat-
ing for 200 usec, where IFig.IV-3(a) shows the full 3.5-usec correlation window stored in the CCD)
fincluding a spot defect which could have been screened out by more careful wafer testing), and
I'ig. IV~3(b) shows an expanded view of the correlation peak. The importance of this result is
that with this real-time cancellation scheme the dynamic range of the device, as seen for the
corrclation peak in Fig. [V-3(b), is now sufficient to support a signal processing gain of at least
30 d13.

An A/D converter and a computer have been used to implement a digital cancellation scheme.
This scheme is not limited by the noise and distortion from the analog CCD delay line of the real-
time cancellation method, and can be used to determine the dynamic range of the correlator it-
sell.  Figure V-4 shows linear response over a dynamic range in excess of 40 dI3 for an integra-
tion time of 20 ysec. Similar experiments are being performed for longer integration times.

These experiments are complicated by the fact that the linearity depends upon the operating
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conditions of the deviee, and we are in the process of optimizing those operating conditions,  The

Linear response 1in both iitegration time and sipgnal power 1s necessary to achieve the desired cor-
relation pain, .
) . 1. [.. Smythe

Co HIGH PERFORMANCE QUASI-OPFICATL GaAs MONOLITTC MINER AT 110 GHz

We have fabreieated a novel, GaAs noonohithic integrated circuit mixer which is impedance
matched to fundanental waverurde,  The ixer consists of a slot coupler, a copianar trans-
mission line, a surtface-oriented Schottky =barrier d)ndv,s'“" and an R byvpass capacitor. Al
components are rmonolithicatly integrated on the GaAs surface. At 110 GHz, a monolithic mixer
module mounted in the end of a wavegiide horn has an uncooled double sideband (DSB) nmiixer
noise temperatiore of 330 Koand a conversion loss of 3,8 diB3,

I'he method by which the sigrat s coupled into the mixer diode is a critical aspect of the de-
sign of an integratea mixer, especially for signals in the millimeter-wavelength regime. The
coupling must be performed with low loss and by a structure which is electrically small.  In this
mixer, the radiation propagates through a semit-insulating GaAs slab to a slot coupler fabricated
photolithographically in a metallic ground plane on the surface of the GaAs.  he slot coupler is
connected to a diode by an appropriate section of coplanar line, and an integrated byvpass capacitor
completes the mixer circuit providing a short circuit to millimeter-wave frequencies and an open
circuit at the [F (Fig. IV-5)  'he heart of the integrated misxer circuit (Fig., [V-¢) is the surface-
oriented Schottkyv-barrier diode which ts made on material having cpitaxial lavers of n- on
n’ -GaAs grown upon a semi-insulating substrate.  The n' -laver is approximately 3 pm thick with
a carrier concentration of 3 101H em” ;, while the n-laver is 0.1 to 0.2 pm thick with a concen-
tration 1 to 2 « 1017 (~m-$. An alloved Au-Ge ohmice contact region is defined on the surface of
the n” -GaAs, and the Schottkv-barricr metallization is a stripe of I'a-Au which is defined on the
surface of the n-GaAs using optical projection lithography and metallization liftoff.  Proton bom-
bardment isolates the diode conducting area by converting epitaxial lavers not used in the mixer
diode to high-resistivity material. Typical parameters for the devices are junction capacitance
('i = 5-7 {17, serics-resistance Rs = 7 Q, and ideality factor n 1.1, ‘The resulting zero-bias
cutoff frequency is over 3000 Gilz., [he Schottkv-barrier metallization stripe is contacted with
an overlay circuit metallization which also forms a byvpass capacitor around the periphery of the
ohmic contact. The module dimensions are chosen to be slightly less than the inside dimensions
of WR-10 waveguide, and the module thickness is selected to suppress undesirable surface-wave
modes on the GaAs.

Although each module is a complete integrated mixer, it is inconveniently small in chip form
and is mounted in a larger structure (Fig. [V -7) for use. The overlay circuit ground plane metal-
lization on the chip is alloyv bonded to a ground plane metallization on the back surface of a ce-
ramic substrate so that the ohmic contact pad (seen in Fig. [V -6) is accurately positioned over a
hole drilled through the ceramic substrate. The II" signal is extracted by a TC -bonded gold
ribbon which connects to a 50-9Q microstrip line defined on the front surface of the ceramic. The

integrated mixer module is located in the end of a standard I'l waveguide horn, and a bellows

“10
spring-contact to the microstrip line on the ceramic substrate provides an 11 output connection

to an OSM connector. The mixer mount is consequently rugged and mechanically simple. There
is no waveguide backshort and no tuning adjustment.

The monolithic mixer module provides an impedance match to a Tl , wave propagating in

10

fundamental waveguide. Therefore, the mixer module can be mounted in full-height T'l5, , wave-

10
guide and interfaced directly to any conventional waveguide component. We chose, however, a
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Fig.IV-7. Monolithic mixer module mounted in TEiO waveguide horn,

quasi-optical approach and a single-ended double-sideband receiver configuration to evaluate the
monolithic mixer so that the complete receiver can be scaled to higher frequencies where wave-
guide techniques are inappropriate. At 110 GHz, an uncooled DSB noise temperature of 339 K and
mixer conversion loss of 3.8 dB have been measured at an 11 frequency of 1.2 GHz. The mono-
lithic mixer has an inherently large RF bandwidth and should give excellent performance over the
waveguide band. No RF tuning is necessary. Instantaneous bandwidth is determined by the [F
matching network-IF amplifier combination. Scale-model results show that IF bandwidths
greater than 6 GHz should be obtainable.

B. J. Clifton R. A. Murphy
G. D. Alley I. H. Mroczkowski

D. LATERAL EPITAXIAL OVERGROWTH OF SILICON ON 510,

Earlier research8 has shown that lines of certain materials on the surface of GaAs wafers
can be embedded in a single crystal of GaAs by epitaxial growth. This work was essential for
the development of the permeable base transistor (PBT) in GaAs, and the development of a PBT
in silicon will require that a similar technology be developed for embedding a grating in single-
crystal silicon. We report here the lateral overgrowth of up to 4 um of single-crystal silicon
over the edge of a thin (£ 0.03 um) SiO2 bar structure on a crystalline silicon substrate using the
reduction of silane (SiH4) in a hydrogen-gas environment.

The test structure used to study the orientation dependence of the overgrowth phenomena is
a fan-shaped pattern of 19-pm-wide spaces etched into SiO2 or Si31\14 and separated by nominally
95-um-wide lines. The spaces are directed radially at 1° angle increments from a central
1000-pm-wide gap etched into the Si0, or Si3N4. This pattern iillustrategi in Fig.IV-8) was re-
produced by conventional photolithographic means in films 300 A to 1000 A thick of both thermal
SiO2 and LPCVD Si-,’N4 grown on a variety of single-crystal silicon substrates. Following an
acid clean, the patterned substrates were loaded on the susceptor of an induction-heated, vertical

reactor, and the susceptor was heated in hydrogen. After a pre-bake to sublime native SiQ, on
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Fig. IV -9, Photomicrographs of a section
of the fan pattern photolithographically en-

graved in 1000 A thermal 510, on (100) 8i;

both the optical {a) and SENM (b) pictures
indicate no apparent Si overgrowth.

Fig., I1V=10. Photomicrographs of a section
of the fan pattern photolithographically en-

graved in 300 A thermal SiO, on (100) 5§,

2
The overgrowth of epitaxial silicon over
the edge of the Si(‘z extends on the order

of 4 pm on the SiQ), laterally on both sides

2
of the 19-pm=-wide pattern as seen in both
the optical (a) and SENM (D) pictures,
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the exposed stheon, films were deposited by the dissociation of silane at 10007 ¢ using a source

gas consisting of Sill, (. The growth vate of cpitasial sthicon in the exposed portions of the

substrate was :1;4)1‘()317):1t¢~1_\/ 0.5 um ‘min. Al depositions were done using the same growth
conditions.

Figures 1V -9 and =10 are optical and SEM photographs of tvpical epitaxial depositions.  ['he
thickness of the patterned Si()l layer ts nominally 1000 A in Fig.1V-9 and 300 A in §ig.I1vV-10,
and the depositions are otherwise identical.  'he smooth areas in the photographs are single-
crystal silicon which grew up from the 19-um-wide spaces where the silicon substrate was ex-
posed.  The rough areas are the growth of polvervstalline silicon on the Si()z film. For the
1000 A oxide in Fig. 1V-9, silicon-free regions are obseryed near the edge of the Si()z fitm. 1In
Fig. 1V ~-10, islands of epitaxial silicon can be seen on the SiQ), where pin holes permitted the
growth of epitaxial pipes showing (100) symmetry. -

The amount of overgrowth is defined as the final width of the smooth epitaxial lines minus
the original width (19 um) divided by 2. ['his assumes bilateral growth svmmetry of epitaxial
silicon on the oxide.  For the 1000 A oxide (Fig. IV =9), the silicon line width is nearly the same .

both before and after cpitaxial growth, indicating no lateral overgrowth tas well as no 8i0O, re-

2
duction),  On the 300-A-thick filin (Fig., [V-10) as much as 4 pm of overgrowth is observed. I'ue

results of similar depositions on patterncd wafers for various combinations of Si()2 thickness
and substrate orientations are summarized in lable [V-1. A wafer similarly patterned with
LPCVI 51Ny is also listed.

One important result is the observed variation in the amount of latoral growth with amor-
phous tilm thickness. The thinner the Si()‘2 or Si51\4 film, the greater the extent of lateral
overgrowth, Secondly, silicon with a (100) orientation produces more overgrowth than wafers

with a (111) orientation, and the (110} orientation is intermediate between the two. The angular

TABLE V-1
Amorphous
Layer Type and Lateral Ratio of

Si Substrate Thickness Overgrowth Lateral to
Orientation (A) (pm) Vertical Growth
(100) SiO2 300 4.0 5.8
(100) Si02 600 1.15 2.05
(100) SiO2 1000 ~0.0
(am SiOz 300+* 1.9 3.33
(110) 5i0, 300+* 2.65 4,6

E (111) off 3° SiO2 300+" 1.9 3.33

-E (100) Si:;N‘1 300 ~0.9 1.67
* Same growth conditions as (100} SiOz.




orientation of the spaces in the fan pattern on the wafer surface has little effect on the over-
growth of crvstalline silicon fos (111) and (110) silicon substrates. lor (100) substrates the
greatest lateral overgrowth occurs for spaces aligned 45° off the central bar, which makes them
paratlel to the 100D dircction in the surface plane. Finally, the lateral overgrowth on the
Si 3\4 film was observed to be much less than that for the same thickness Si()‘Z film.

hese results can be explained by considering the ratio of epitaxial growth rate to nucleation
rate. According to Hlovm:’ the differences in the heterogeneous nucleation rates of silicon on
various substrates are caused by differences in the degree of supersaturation required for nu-
cleation.  his supersaturation can be characterized in terms of the size of the critical cluster
of silicon atoms required for nucleation, or, alternatively, the incubation time required to form
the critical cluster on a given substrate.  Yor the substrates considered in this work the rela-

tive times are ti, tSi N tSi-xtal'

2 374

I'he incubation period can be several seconds given appropriate deposition conditions (ten)-
perature, SHI.{ partial pressure, ete.).  Once deposition begins, nucleation on the exposed
silivon spaces and subsequent vertical growth proceed almost immediately. [If the growing
silicon laver reaches the edge of the amorphous surface before nucleation has started on this
surface, lateral epitaxial growth will pro-eed.  However, shortly after nucleation commences
on the Si()z or St 5\4' the polvsilicon cryvseallites quickly coalesce to cover the surface. When
the amorphous sarface is completely coverad, lateral overgrowth of the single-crvstal material
stops.  Lhe lateral growth 1s not surprising in lght of the known anisotropy of epitaxial silicon
growth obser.ed by several \\m'kul:‘.io'i e

From the above analvsis, the lateral overgrowth would be expected to be greater for thinter
Si()Z or .\is\'* lavers ar for faster vertical vrowth rates — all other conditions being identical.
This is because 1o both situations the lateral overgrowth will begin earlier with respect to the
end of the incubation pertod tor nucleation on the amorphous surface.  I'his hvpothesis is con-
firmed by the resalts e Fable (V-1 fhe occurrence of maximum overgrowth on (100 -orierite
silicon is explained by the fact that the epitaxial growth rate for (1001 silicon 18 greater than
that for (111 silicon because of the ease of nucleation and higher surface energy of (1001 sub-

io . . .
strates, Fhe overgrowth observed for Si N, 1s much smaller than that observed for an equal -

4
. . . . . . . 13
thickness SiO, film because the incubation pertod on N,’.\4 is shorter. kamins aal Cass™ 7 have
shown that this incubation period is a strong function of temperature, sitlane parual pressure,
and HCOL content. Pixpuriments are currently in progress to determine the effect of camations

of these parameters on the lateral overgrowth,

. 1), Rathman oA Burns iGroup 23
D. g Silversmith €. Q. Bozler
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V. ANALOG DEVICE TECHNOILOGY

A. ANALOG MNOS MEMORY: MODEL AND EXPERIMENTS

In a previous r-eport,1 the concept of analog metal-nitride-oxide-semiconductor (MNOS)
memory was presented and experiments demonstrating such storage in metal-gate, n-silicon-
substrate MNOS capacitors were described. In the present contribution, results of a theoretical
model of the MNOS analog writing process are given, and the behavior of p-silicon-substrate de-
vices is described. The model places the concept of analog memory on a firm analytical base.
The recent p-silicon results indicate that integration of the analog MNOS memory cell with a
charge-coupled device (CCD) is feasible, as the MNOS and CCD processes are compatible. Such
an integrated MNOS/CCD structure has been designed and is being fabricated.

Numerical results have been obtained from a model of the MNOS charge transfer process.
The model includes tunneling of both majority and minority carriers. Not only are the barrier
heights different for the two species, but consideration must be given to the finite number of
minority carriers. The distribution of electric field is also quite different in the two cases.

Barrier heights are taken to be those given by lL.undstrom and Svensson.2 Majority carrier
tunneling is assumed to follow the approximate modified Fowler-Nordheim expression given in
the same publication. Field strengths in the oxide and nitride change as charge becomes trapped
in nitride, and this is handled self-consistently. Although it is known that the trapped charge
resides some tens of angstroms in the nitride,3 this charge is assumed to reside at the oxide/
nitride interface. This approximation is necessary unless one is willing to undertake the numer-
ical solution of a system of partial, rather than ordinary, differential equations.

The expression for the minority carrier tunneling current density is obtained from consid-
erations of the wavefunctions of the carriers in the inversion layer. An approximate expression

which does not include the details of the energy states in the inversion layer is

kT 14

i
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mn 1
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where din is the inversion layer thickness, Es the silicon dielectric constant, and n the surface
density of minority carriers. P, ar;d pn are the oxide and nitride transmission probabilities
given by Lundstrom and Svensson. As with the majority carriers, the tunneled minority car-
riers are assumed to reside at the oxide/nitride interface. The electric field strength is calcu-
lated taking the depletion layer space charge, inversion charge, and stored charge into account.

Provision is made for the back-tunneling of trapped carriers. Different trapping energies
are used in the model, but default values of 1.55 eV for electrons and 0.75 eV for holes are
assumed, as given by Lundkvist g_t_a_1.4 The assumption that all carriers are trapped at the
oxide/nitride interface may introduce significant error in the back-tunneling current, tending to
overestimate it.

During the writing periods, back-tunneled carriers may recombine with minority carriers
at the Si/SiOZ interface or in the inversion layer, or they may penetrate the inversion layer and
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be swept into the bulk. This process is important, since back-tunneled carricr- which enter

the bulk produce charge transfer without reducing the input minority charge; this could udveraely
affect linearity. 'The fraction of back-tunneled carriers which recombine with iinority carrvicres
is arbitrarily set to be some constant «, where 0 < a £ 1. Recent investigations by Schroder
and White‘3 indicate that 0.35< o € 0.50 for holes; for back-tunneled electrons, the results are

tnconclusive but could indicate o ~ 1.

STORED CHARGE Qg (norm units)

. 1 1 4 B 5
0 w0 162 162 W6 10°

TIME AFTER BEGINNING OF RESET
OR WRITE (seconds)
Fig. V-1, Theoretical predictions of the resetting and analog writing of an MNOS

capacitor fabricated on p-silicon with 30 A of Si0, und 500 A of SizNg. Reset and
write voltages are —35 V and +35 V, respectively, No buck-tunneling is assumed
in this example, The input and stored charge are normalized so that one unit would
produce a flatband shift of —5 V if stored at the S10,/Si3Ny interface.  The curves
are superposed on the same time scale but actually occur in the succession: resct;
write with Qjn = 4.0; reset; write with Qi = 4.5; resct; ete. Clearly, some writing
occurs during the first 10~ 5 sec of the write cycles,

Typical reset/charging characteristics for a p-substrate device are displaved in Vig. V-1,
The reset/charging alternation follows the sequence: reset at =35 V for 1 sec, inject signal
Qin = 4.0 and charge at +35 V for 1 sec, reset at =35V, inject Qin 4.5 and charge at +35 V, etc.
The trapped charge Qs is shown as a function of time for each part of the sequence. The charges
QS and Qin have heen normalized such that the flatband voltage VT-‘B can be obtained by multi-
plying QS by =5 V. Note that all reset curves converge to a common value, QS 2.7. \lore
noteworthy is the fact that, for almost any time greater than 1 msec, the charging curves are
spaced linearly. Thus, although the charging rate is highly nonlinear in time, the flatband volt~
age at any given time is a linear function of input charge. (It is evident that some charging
occurs at times < 10 usec, the minimum displayed.)

The data of F'ig. V-2 are taken from numerical calculations such as those of Fig. V-1, These
curves show the flathand voltage reached after 1 sec of reset and charging time as a function of
input charge for MNOS capacitors on p-silicon wiih 500 A of silicon nitride and £35 \ applicd.
Results are plotted for devices with 30 A of silicon dioxide and different assumptions about back-

tunneling and :’~;i/SiO2 interfacial recombination.




Livo vV~ “Theoretical  input-output :
relationship for the \INOS capacitor -
of Piecov -1, with different assump- .
tion= of back-tunneling and Si‘SiOp 3
interfacial recombination. i

A remarkable observation is that all of these input-output curves have a considerable lincar
dyvnamic range. This is, quite simply, a result of the self-limited nature of minority charge
tunneling.  The case with no interfacial recombination (o 0} would be expected 10 show the
greatest nonlinearity, as the writing process in this case is not necessarily self-limited; how-
ever, the forward electron tunneling occurs on a somewhat shorter time scale than the hole
back-tunneling, =o that some linearity is retained.

In all cases a certain "fat zero® level of input charge is necessary to initiate charge transfer;
this is <0 because the oxide field on is nearly proportional to the input charge and the tunneling
J v }‘ZOx relation is highly nonlinear. Back-tunneling reduces the fat-zero level; an amount of
input charge insufficient to cause its own forward tunneling may produce an oxide field sufficient
to induce back-tunneling.

Nitride conduction current is not included in the model.  Such current is highly nonlinear in
field strength and would tend to cause saturation at both extremes of stored charge.  Also not
included are fixed charges in the oxide and slow surface states. These would have the effect of
decreasing or increasing the fat-zero level of input charge.

All of the curves in 17ig. V-2 saturate at flatband voltages somewhat higher than observed
cxperimentally. This is likelv the result of nitride conduction current which is not included in
the model.  Also, charge carriers, especially holes, are known to be trapped some tens of ane -
stroms in the nitride, with the centroid of charge moving deeper as the stored charpe s
im-r(-nswi.j’b The more deeply trapped charge has less offect on the flatband voltage, so that

some nonlinearity in the \ Vs Qpy relation will result from the ncereasing centroid depth,

‘R
Fxperiments on p—slll)f]it]l'illt‘ MNOS capacitors have been performed in anticipation of inte-
grating the MNOS devices with an n-channel CCD.  The linearity of the analog writing process
in an MNOS capacitor fabricated on 30 to 50 Q-cm p=silicon is evident in 1ig, V=3, These de-
vices have a thermal oxide approximately 26-A thick, a silicon nitride laver 500-A thick depos-
ited at 788°C, and a semitransparent chromium gate with a gold contact. The device is quite
linear over the range =10 \'PR\< 0 V and has a fat-zero input level of roughly one -third of the
saturation input value. Note the relative insensitivity of the output to the write voltage.
Retention curves for this device are plotted in Vig, V-4, The retention is good, about

200 m\ /decade or less over the 10-V window. (Other wafers with similar processing have had
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FLATBAND VOLTAGE V., (veo.'s:

RESET -40v

10 WRITE. — + 38V
---+40V
1z
— L
o 500 3000 1500 2000 2500

INPUT CHARGE Q, (arbitrary units)

Fig.Vv-~3. Experimental input-output relationship for an MXNOS capacitor fabricated
on p-silicon (wafer NM-39). Note the insensitivitv of the response to the write
voltage. Also shown is a theoretical curve from Fig.V-2, with the charge axis
scaled to match the slope across the linear region.
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Fig. V-4, Charge retention for the device of Fig.U~3, The slopes
of the decay curves arp indicated,




somewhat hetter retention. ) The ateresting aspect of these chardge decay curves is that they
tend to converge not to a flathand voltage near zero, as is the case with n-=ubstrate devices,
but to the reset flatband voltace, about 12\ in this case.  Pventualiv, the curves with initial
flutband voltage not much less necative than the reset value do change slope and return toward
zero, but this may not occur until more than 105 sec for initial flatband voltages ! Jeast ¢V
fess necative than reset. This behavior is ascribed to the fact that the holes are stored deeper
in the nitride than electrons and thus back-tunnel more sfowly durine the writing und decan
periods,

MNOS capacitors with polvsilicon gates have been fabricated on p-=ilicon and exhibit con-

sistently satistfactory qualities. A water cleaning and oxidation procedure based on a final dilute

HE dip, spin dry, and immediate oxidation in dry ()2 produces consistent oxide films of 20 £

>

2 A, Devices with "native”

oxides, with or without a water rinse before nitride deposition,
demonstrate considerably poorer retention and have a memory window more negative than those
of thermally oxidized devices. This is indicative of more rapid electron back-tunneling.

A mask set for a 32-sample metal- and polv-gate MNOSCCD has been generated. and fah-
rication of the devices has begun. ‘The critical steps of the required n-channel process have
been satisfactorily tested by fabricating MNOS transistors.

In summary, a theoretical model has been developed which explains carlier experimental
results on MNOS devices, analog memory operation has been characterized in MNOS capacitors
fabricated by an n-channel! C'Cl)-compatible process, and a mask set has been produced for an
integrated MNOS/CCD analog memory. R.S. Withers
D.J. Silversmith
R. W. Mountain

B. LiNbO3 SURFACE-ACOUSTIC-WAVE EDGE-BONDED TRANSDUCERS

ON ST QUARTZ AND <001>-CUT GaAs

In order to generate surface acoustic waves (SAW) with wide bandwidth and low insertion
loss on arbitrary substrates, many transduction methods have been tried. Edge-bonded trans-
ducers (EBT)-/'-Pl have been shown to be the best method of satisfving the above criteria. We
report here experimental results using I.i,\'h()3 for the transducer and ST quartz or Gaas for
the substrate. In a .dition, an analvtical model] has been developed which gives cood agreement
with experimental results,

Figure V-5 shows the basic principle of operation of an edge-bonded transducer. A buik
shear-wave transducer, with polarization normal to the top surface, iz bonded to a substrate
on which surface waves are to propagate. Since the surface-wave particle motion is a linear
combination of shear displacement normal to the surface and compressional displacement in
the plane of the surfece, shear waves generated in the transducer are efficiently converted to
surface waves in the substrate, Onlv the shear-wave energy which is within about one SAW
wavelength of the surface can be converted to surface waves. Thus, the top surface of the
transducer and the SAW substrate must be coplanar and the back electrode which is about one
SAW wavelength in height must be located at the top surface.  The thickness of the shear-wave
transducer determines the center frequency of operation and is approximately )‘s 2 where XS
is the shear wavelength at center frequency.

We have developed a simple model which exhibits excellent agreement with our data. This
model decomposes the problem into two parts. First, the generation of bulk shear waves in the

I,i.\'l)(),) transducer material is considered. Then the shear wave thus generated is converted in
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the substrate material to a SAW, with conversion efficiency calculated by considering the shear
energy distribution as the excitation function of an acoustic waveguide. Our model treats the
LiNb(),’ transducer as a conventional bulk shear-wave transducer using the standard Mason“
model to calculate the electrical input impedance of the ERT using the material properties of

the transducer, the bond, and the substrate. The input impedance is then used to calculate the
acoustic shear-wave energy generated in the transducer (assuming no acoustic loss in the I_i!\'h()ab
and transmitted into the substrate. This is a straightforward application of the \Mason model.

The vertically polarized shear wave, which is closely confined to the surface, is then converted
to a SAW whose amplitude is computed by means of an overlap integral as follows. If one as-
sumes that the acoustic modes of the substrate are complete and orthogona],1 ; then the amplitude

of the surface wave is given by

N J U (x) o T (x) dx
R

2, .
J U R(x) dx

where I’R(x) is the surface-wave particle displacement, I'S(x) is the shear-wave particle dis-
placement, and x is the coordinate perpendicular to the free surface. The conversion Joss {in
dB) of the shear-wave to surface-wave transition is given by

[[A,UL(x)]° dx

. R™R

10 log >
S 16,01 ax

To a sufficient approximation and for ease of computation we choose

I'R(.\') = exp (—-x/lR)

]
3
where Ap is the SAW wavelength in the substrate and ;
!
I,fs(x) =1 x=:<h
=0 x>h

with h the height of the ERT electrode. When the bulk to surface-wave conversion loss is added

to the electrical reflection loss computed from the Mason model, one arrives at the total EBT

conversion loss.




The transducer material we have used is N-cut ]‘iNb()i' The tran=<ducers are bonded to

the substrate with the direction of shear polarization perpendicular to the piane on which the
SAW propagates.

The first step in the fabrication is the bonding of the transducer to the SAW substrate mate-
rial. Cold-welded indium bonds were used because they are known to perform well in butk-
acoustic-wave dvviccs.“ The substrate for the quartz device is a 1.3-cm=thick picce of 87
quartz. Following In bonding the quartz substrates are cut into slices approximately 0.1 cm
thick. The surface on which the SAW propagates is lapped and polished by standard techniques,
Then the LiNbO, is lapped to the desired thickness of )\S/Z. I'or the GaAs devices, the substrate
is a 381-pm-thick GaAs (<001>-cut) wafer which has been bonded to a 1.3-cm=thick piece of GaAs.
Following In bonding the substrate is not cut, since the wafer provides the surface on which the
SAW is to propagate. The top surface of the I.if\'b()i is lapped flush to the GaAs surface. Then
the LiNLOj; is lapped to the desired thickness and polished.

After lapping and polishing of the 1.iNbO,, the back electrode for the KRl is applied using

3s
contact printing photolithographic techniqucs,15 followed by metallization and liftoff. Wire

bonds arc then made to the back ¢lectrode and to the In ground electrode.

[ - .., L\INbO,-STQUARTZ

(a8}

Fig.V-6. Untuned frequency response
for LiNb0O3/ST-quartz EBT: transducer
thickness 13 ym, electrode height 37 pm,
electrode width 3.18 mm.
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Figure V=i shows the untuned frequency response for a typical I.i‘,\."b()3 EBT on ST quartz.
The parameters for this device are given in the figure caption. At 120 MHz the measured in-
sertion loss is 4 dB £+ 0.5 dB. The calculated curve (solid line) in Fig. V-6 is computed from
the previously discussed model. The fractional bandwidth of 50% is typical for the I.if\'b()s,'ST-
quartz structures. The center frequency of 125 NIz is the highest we have fabricated to date,
and we estimate that center frequencies as high as 200 Mz may be obtained using the same
fabrication methods. To reach even higher frequencies, modifications of the process by which
the I.ii\.’b()3 is lapped and polished may be needed.

EBTs on GaAs have been fabricated by bonding the I.i;\'b()3 N-cut shear-wave transducer
plate on the <110> face of GaAs resulting in a piczoclectric Rayleigh wave propagating in the
{110} direction on the <001> surface. The relative electric=power to acoustic-power conversion
loss is shown in Fig. V=7. Here it is seen that the 3-dRB fractional bandwidth is 91%, which we

have found is typical of the l.iNh()g/(‘,aAs structures.  Also plotted in the same figure (solid line)
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Fig.V-7. Untuned frequency response for
LiNbO3/GaAs ERT: transducer thickness
20 pm, electrode height 56 pm, electrode
width 3.48 mm.
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is the relative conversion loss predicted by the previously discussed model. The absolute con-
version loss at center band is estimated to be 11 £ 3 dB. This particular EBT has an 85-MHz
center frequency.

Within the uncertainties of the experimental quantities the agreement between theory and
measurement is verv good. For the I.iNbO3/quartz device the measured conversion loss, as
mentioned above, is 4 dB and this agrees well with the predicted conversion loss. The calculated
center frequency for the device differs from the measurements by roughly 10 percent, which is
within the uncertainties of the parameters used in the calculation.

In summary, we have fabricated LiNbO3 surface-acoustic-wave edge-bonded transducers on
ST quartz and GaAs substrates which demonstrated large fractional bandwidths and low conversion
losses. A theory has been developed which accurately predicts transducer performance.

D. E, Oates
R. A. Recker
A.C. Anderson

R. 1.. Slattery
W. C. Kernan

C. AN ACOUSTOEILECTRIC BURST-WAVEFORM PROCESSOR

A technique for processing Doppler-shifted burst waveforms with a programmable acousto-
electric coherent integrator“"17 has been demonstrated. Such burst waveforms are common to
many radar systems, and this demonstration indicates the feasibility of providing the imiportant
Doppler processing function in a bank of compact, low-power, coherent integrator devices.

The basic structure of the ¢oherent integrator is illustrated in Fig.V-8. The device con-
sists of a piezoelectric lithium niobate delay line with surface~acoustic-wave (SAW) transducers
centered at frequencies of 100 and 200 MHz located at each end. The 5.5-finger-pair interdigital
transducers have an aperture of 1.7 mm and a fractional bandwidth of about 20%. The evanescent
electric fields associated with propagating SAWs are coupled through a uniform air-gap spacing
of 350 nm to a high-density array (3.8-pm periodicity) of PtSi-Schottky diodes on an n-fvpe

(30 Q@ em) silicon strip. The sequence of operation of the coherent integrator is as follows:

{1} An acoustic precharge pulse centered at 200 MHz and about 100-psec long
is applied to reverse bias the array in order to provide a linear region of

operation.

(2) A Doppler-shifted burst waveform consisting of N identical subpulses
centered at 100 MHz (~3-usec long) with about 100-,5ec subpulse repe-
tition interval is entered into the signal port of the device. Short
(~0.1 usec) write pulses centered at 100 \liz and appropriately timed
for the expected arrival of each subpulse are entered into the opposite
end of the acoustic delay line. The evanescent electric field of each
subpulse alone is insufficient to overcome the reverse bias of the diode
array, but in combination with the write pulse each localized region of
the Schottkv-diode array is brieflv forward biased when the write and
signal waves overlap. Under suitable operating conditions this stores
a linear sample of each subpulse as a spatial pattern of electrons in
the diode arrayv. Since the signal and write pulses are counterpropa-
gating, the spatial scale of the stored charge pattern is compressed by

a factor of 2. When the phase and relative timing of ecach write pulse
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is matched to the Doppler shift of the burst waveform, each of the

separate subpulse charge patterns will add coherently; when burst re-
turn and write parameters are not matched, the resultant charge pat- i
tern will be smeared.

(3) After this overlay process is accomplished, the stored charge pattern
) is read out by correlation with a replica of the subpulse waveform at
half the time scale, that is, at 200 MHz. This results in an output
corresponding to the autocorrelation of the input waveform provided
the overlay charging process is linear and the write pulse has been
programmed for the proper Doppler shift. The relative timing of the
output provides range information. The range window is limited to
17 usec by the physical length of the silicon while the coherence time
is liniited to 20 msec by the storage time of the diodes.

(4) After readout is completed, a brief (~1 psec) burst of illumination
from light-emitting diodes is applied to erase the charge pattern
before processing the next waveform.

To demonstrate device operation, Doppler-shifted input waveforms consisting of 2 to 32
3-usec-long gated-CW subpulses having about 100-psec intervals were employed. The output
level of the coherent integrator was plotted as a function of the Doppler offset frequency of the
imitated target return. The device output level for one experiment, the coherent overlay of a
waveform having 16 subpulses, is shown in Fig, V-9. Note that the primary Doppler spikes are

separated by an amount (~10 kHz) inversely proportional to the subpulse repetition interval, the
number of sidelobes between the primary spikes equals the expected 14 (N-2), and the near-in
sidelobe level for large N approaches the theoretically expected value of =13 dB. Similar

results were obtained in the other experiments as N was varied. Experiments are currently
being conducted using phase-encoded subpulses to demonstrate the full 20-MHz bandwidth capa-
bility of the device.

An array of coherent integrators could provide both Doppler and range information in a
number of parallel channels, with the Doppler velocity, Doppler resolution, and range swath
under programmable control. Each device, as shown in Fig. V-10, would be programmed for a
different target velocity. The Doppler hypothesis is controlled by the local oscillator frequency
and the timing of the write pulses applied to each integrator. The range information would appear
as a time offset of the correlation peak appearing in that Doppler channel matched to the target
velocity. This range resolution could be enhanced by the readout correlation process and thus
is limited only by the bandwidth of the subpulse.

S. A. Reible
I. Yao
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